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Abstract 
Open-field biomass burning including agricultural waste burning, peat fires and forest/savannah 
fires has been recognised as an emission source for various hazardous semivolatile organic 
chemicals (SVOCs). These chemicals may be either formed (i.e. compounds newly formed 
dependent on combustion conditions) and/or (re)volatilised (i.e. thermally stable chemicals 
remobilised untransformed due to increased temperatures) during the combustion processes. 
Globally, forest/savannah fires account for 95% of total carbon emissions associated with open-
field biomass burning and thus are potentially important for SVOC emissions, particularly for 
Australia which has the highest annual mean burned area of any country in the world. Quantitative 
data, however, are mostly limited to dioxins and dioxin-like compounds with little available data for 
other SVOCs. The aim of this study is to determine emission factors (EFs, defined as mass of the 
compound released to the atmosphere per unit mass of fuel consumed by combustion) of various 
SVOCs from subtropical/tropical bushfires and to estimate the annual emissions of these SVOCs 
from bushfires/wildfires in Australia. 
To understand the contribution of specific emission sources to the concentration of a chemical in a 
given context it is important to have background data. Hence the first task in this study was to 
establish methods for obtaining background concentrations of SVOCs in the atmosphere and apply 
these to establish spatial and temporal (long-term and seasonal) trends. It was found that the 
concentration variations for SVOCs such as polychlorinated biphenyls (PCBs) and pesticides relate 
to the different land use influencing specific sites. For example higher levels of PCBs were typically 
observed near urban areas, with the mean concentration of 52 pg m-3 for ∑47 PCBs compared to 3.5 
pg m-3 at background sites. In contrast, higher levels of certain pesticides such as α-endosulfan (up 
to 27 pg m-3) were associated with specific agricultural areas. Results from the temporal trend 
study, on the other hand, demonstrated a significant decrease in concentrations of polycyclic 
aromatic hydrocarbons (PAHs, by 88% with the apparent halving time of ~6 years) and PCBs (by 
80% with the apparent halving time of ~11 year) over the last two decades at an urban site in a 
forest reserve. It was found that bushfires/wildfires may be contributing to the concentrations of 
PAHs in the ambient air. The decrease of emissions from other sources over the last two decades 
suggests an increase in the relative importance of SVOC emissions from bushfires since the annual 
Australian burning areas have changed relatively little over this timespan. 
EFs for a wide range of SVOCs were then determined from a subtropical eucalypt forest fire and 
two tropical fires in Australia. The study found that EFs for PAHs determined from different fires 
varied in a relatively small range (e.g. 1.6 – 7.0 mg kg-1 fuel burnt for ∑13 PAHs). This result 
confirms that emissions of PAHs are primarily the result of formation during the combustion and 
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vary only across a limited range between fuel types under typical open-field biomass burning 
conditions. Emissions of other SVOCs, on the other hand, are generally much lower and more 
dependent on fuel types. For example, EFs for ∑18 PCBs from the eucalypt forest fire occurred in an 
urban area (2.6 µg kg-1) were ten times higher than the savannah fires in relatively unpopulated 
tropical regions (0.25 µg kg-1). This result confirms that they are primarily volatilised during the 
combustion process and their emissions relate to the presence of the chemicals prior to the fires and 
therefore are associated with proximity of the different land-use. Based on the EFs determined in 
this work, estimates of the annual emissions of many SVOCs from Australian bushfires/wildfires 
are achieved for the first time, including for example ∑13 PAHs (160 (min) – 1,100 (max) Mg), ∑18 
PCBs (14 – 300 kg), ∑7 polybrominated diphenyl ethers (PBDEs) (8.8 – 590 kg), α-endosulfan (6.5 
– 200 kg) and chlorpyrifos (up to 1,400 kg).  
Over all, this project determines EFs for various SVOCs covering five groups of compounds 
(PAHs, PCBs, PBDEs, polychlorinated naphthalenes (PCNs) and pesticides), from subtropical and 
tropical forest/savannah fires. Emissions from bushfires/wildfires are an important source to the 
burdens of these SVOCs in the atmosphere in Australia. Regular bushfires/wildfires are thus a key 
component impacting the fate of these hazardous chemicals and affecting their (re)distribution and 
national emission budget. 
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Chapter 1: Introduction and objectives 
1.1 Air pollution 
Air is one of the fundamental elements necessary for life. Air pollution generally refers to 
substances that are present in the air that may pose an adverse effect to living organisms 
including humans (Daly and Zannetti, 2007). Contributions from human activities to air 
pollution have included fossil and biomass fuel burning, industrial and agricultural processes, 
nuclear events, waste deposition and military activities. A range of air pollution disasters 
have been recorded since the Industrial Revolution such as the Great Smog in the year of 
1952 in London (Davis, 2002). In response, research on air pollution issues started in the 
mid-twentieth century, followed by legislation and regulations adopted nationally and 
internationally since then (Boubel et al., 2013). Despite this, in the year of 2012, ambient 
(outdoor) air pollution still caused an estimated 3.7 million premature deaths worldwide 
(WHO Web site, accessed July 9, 2016). 
Major air pollutants can be divided into three categories: a) criteria pollutants including 
carbon monoxide, nitrogen dioxide, sulphur dioxide, ground-level ozone, lead and particles; 
b) biological pollutants; and c) air toxics, also known as hazardous air pollutants (USEPA 
Web site, accessed July 9, 2016a, b). The air toxics include a range of semivolatile organic 
chemicals (SVOCs), which are the focus of this project. 
1.2 Semivolatile organic chemicals as air pollutants 
1.2.1 Definition and hazardousness 
Semivolatile organic chemicals (SVOCs) are a group of organic compounds with boiling 
points ranging from 240 to 400 °C at 1 atmosphere pressure (WHO, 1989) or with vapour 
pressures between 10-9 to 101 Pa (Weschler and Nazaroff, 2008). These physical 
characteristics result in many SVOCs being distributed in both the gaseous and particle 
(condensed) phases once released into the air (Bidleman, 1988).  
Many SVOCs, including a range of important air pollutants such as polycyclic aromatic 
hydrocarbons (PAHs) and halogenated compounds, are hazardous to humans. For example, it 
has long been known that various PAH compounds are carcinogenic (IARC, 2015; 
Kennaway and Hieger, 1930; Phillips, 1983). Over the past two decades, people have become 
aware of that some halogenated SVOCs (including those referred to as persistent organic 
pollutants (POPs)) are persistent in the environment and can cause adverse effects to human 
health. Through long-range atmospheric transportation (LRAT), these POPs can distribute 
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globally and contaminate distant regions including otherwise pristine areas such as the Arctic 
and Antarctic (Wania and Mackay, 1993). Therefore, the air is a major route for human 
exposure to these pollutants both via direct inhalation (e.g. for PAHs) and also by introducing 
them into the food chain (e.g. for POPs). 
In addition, some of these chemicals have been recently recognised as endocrine disrupting 
chemicals (EDCs), which are suspected to contribute to reduced fertility and increased 
incidences or progression of some diseases, including obesity, diabetes, endometriosis, and 
some cancers in humans (Colborn et al., 1993; Kavlock et al., 1996). Therefore, it is 
imperative to understand the sources (and any spatial or temporal changes in their 
contributions) of these hazardous SVOCs as a precursor to implementation of relevant 
elimination/abatement strategies.  
1.2.2 Sources and control 
Sources for SVOC pollutants can be classified as primary or secondary. Primary sources are 
the processes/practices that initially and directly generate SVOCs whilst secondary sources 
refer to previously contaminated compartments and phases, from which SVOCs can be re-
emitted.  
PAHs. PAHs are a family of aromatic and substituted aromatic hydrocarbons produced by 
incomplete combustion. Their major sources include residential/commercial biomass burning, 
open-field biomass burning, vehicular emissions and industrial processes (Shen et al., 2013). 
In developed countries, over the last few decades, great efforts have been made to reduce 
PAH emissions from industrial processes and vehicles, through mitigation technologies such 
as mandating the installation of catalytic converters on new cars (Dargay et al., 2007; 
Dimashki et al., 2001; Shen et al., 2013; Sun et al., 2006). Also, various environmental acts 
and rules have been enacted to regulate the uses of domestic stoves and emissions from 
residential biomass burning (e.g. US EPA's New Source Performance Standards (NSPS) for 
Residential Wood Heaters and Australia’s Environmental Protection Act 1994). As a result, 
emissions of PAHs from these sources in developed countries have decreased greatly since 
the 1970s. For example, in Australia, estimated annual emissions of sum of USEPA’s 16 
priority PAHs from motor vehicles have decreased from 1,200 tonnes in 1975 to (a predicted) 
41 tonnes in 2015 (Shen et al., 2011). In developing countries, the current dominant source 
viz. residential/commercial heating using biofuels, has also started to decline in its importance 
since the 1990s. This has been due to a range of regulations including, for example, phasing 
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out of beehive coke ovens in China from 1996 (Shen et al., 2013). In addition, although the 
number of vehicle fleets has continued to increase in some developing countries, the total 
PAH emissions from this source in such countries has demonstrated a declining trend during 
the 2010s (Shen et al., 2013), due to reductions in emissions from individual vehicles. 
POPs and other halogenated SVOCs. To date 26 POPs or groups of POPs have been listed 
by the Stockholm Convention (SC), with the intention of eliminating or severely restricting 
their production and/or emissions (SC Web site, accessed July 10, 2016). These halogenated 
compounds have been banned from manufacture and use with limited exemptions. Overall, 
this has led to an effective reduction of their environmental burdens with time. For example, 
declining trend of atmospheric concentrations of polychlorinated biphenyls (PCBs) has been 
reported for several sites near the Great Lakes from 1996 to 2004 and from 1990 to 2010, 
respectively, within the scope of the Integrated Atmospheric Deposition Network (IADN) in 
the Laurentian Great Lakes Region (Buehler and Hites, 2002; Salamova et al., 2013; Sun et 
al., 2006; Venier and Hites, 2010). A similar trend was observed across the UK from 1991 to 
2005 as part of the Toxic Organic Micropollutants Program (TOMPs) (Food and Rural 
Affairs. Department for Environment. UK, 1991; Meijer et al., 2008; Schuster et al., 2010), 
the Arctic from 1993 to 2006 within the scope of Arctic Monitoring and Assessment 
Programme (AMAP) (Hung et al., 2010) and across Europe by the European Monitoring and 
Evaluation Programme (EMEP) (Tørseth et al., 2012). The current primary sources of these 
chemicals include diffusive emissions such as the release of PCBs from e-waste dumping, old 
building materials, storage of old transformers (Gasic et al., 2009; Gioia et al., 2011; 
Robinson, 2009) and release of flame retardants such as polybrominated diphenyl ethers 
(PBDEs) from old furniture (Dye et al., 2007).  
Some other halogenated SVOCs such as chlorpyrifos and permethrin are still in use and thus 
their main sources include primary emissions from application in agricultural and residential 
use. For example, within the first week after agricultural application, 70 – 80% of applied 
chlorpyrifos can be volatilised into the atmosphere (National Registration Authority for 
Agricultural and Veterinary Chemicals, 2000).  
Due to their mostly lipophilic and persistent properties, released halogenated SVOCs tend to 
accumulate in/on compartments with higher organic carbon content such as plants and soil. 
These receptors then act as secondary sources (RůŽičková et al., 2007), from which these 
accumulated chemicals can be released into the air again. 
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1.3 Open-field biomass burning as a source for SVOCs 
1.3.1 Combustion processes and release of SVOCs 
Open-field biomass burning includes agricultural waste burning, peat fires and 
forest/savannah fires both of human and natural origins. Research on its contribution to 
atmospheric chemistry started in the 1960s and 70s (Eagan et al., 1974; Warner and Twomey, 
1967). Over the last few decades, these fires have gained research interest and been identified 
as important emission sources globally for aerosols and trace gases such as carbon monoxide, 
nitrogen oxides and methane (Andreae and Merlet, 2001; Crutzen and Andreae, 1990; Iinuma 
et al., 2007; Meyer et al., 2004). Open-field biomass burning has been therefore implicated in 
exerting detrimental impacts on ecosystem and human health (Chen et al., 2006; Kunii et al., 
2002) and contributing to climate change (Andreae, 1991). Globally, open-field biomass 
burning is estimated to contribute ~12% to mortality associated with air pollution (Johnston 
et al., 2015).  
The combustion process of open-field biomass burning can be divided into three phases: 
ignition, flaming and smoldering, each involving complex physical and chemical processes. 
In these processes, organic chemicals including SVOCs can be released via formation and 
(re)volatilisation. A brief and simplified description of these combustion phases and related 
chemical emissions follows, compiled from a range of literature (Black et al., 2011; 
Frenklach, 2002; Gullett and Touati, 2003a; Gullett and Touati, 2003b; Hays et al., 2005; 
Koppmann et al., 2005; Meyer et al., 2004; Prange et al., 2003; Reid et al., 2005; Simoneit et 
al., 1999; Tomkins et al., 1991) and references therein. Firstly, in the ignition phase, the water 
content of vegetation is vaporised before the small pieces such as leaves can be directly set 
alight and large pieces such as branches undergo a radiative heating process. During this 
process, highly volatile organics such as ether extractives can be released. The subsequent 
flaming phase occurs when the fuels are sufficiently dry, resulting in a fuel and soil 
temperature reaching a maximum of ~ 700 °C, with the mean temperatures typically being 
around 200 – 300 °C. For wood combustion, about 80% of raw materials can be decomposed 
during this phase and a large amount of chemicals including organic compounds such as 
levoglucosan, formed as a pyrolysis product of cellulose, can be released. In particular, PAHs 
are initially formed based on the chemical reactions in flames, from aliphatic precursors such 
as propargyl and formation of cyclopentadienyl radicals:  
𝐶𝐶3𝐻𝐻3 + 𝐶𝐶2𝐻𝐻2 → 𝑐𝑐-𝐶𝐶5𝐻𝐻5        (1.1)    
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Only when the temperature rises to above 1,400 °C can the above process be reversed, 
meaning that this initial formation process should be dominant under typical open-field 
biomass burning temperatures. Further growth of aromatics proceeds as a coagulative process 
as condensation nuclei are created. Under typical open-field biomass burning conditions, the 
temperature is lower than is required for these particles to oxidise. Therefore, many of these 
intermediaries may undergo a secondary condensation growth and be emitted in the form of 
smoke. The subsequent smoldering phase occurs when the combustible and volatile emission 
flux of organics drops to a level lower than that by which flaming conditions can be 
propagated. Essentially this phase is a solid phase oxidation process of the reactive char. The 
temperatures during this smoldering phase may be too low to promote substantial formation 
of organic compounds.  
Overall, since the above process is initiated from carbon sources, a hypothesis can be 
proposed that the formation processes may dominate the net release of PAHs from biomass 
combustions. In the context of this process, the relative contributions from (re)volatilisation 
of PAHs pre-existing in/on plants/soil may not be important. On the other hand, degradation 
of PAHs during combustion processes can occur but this may be a minor factor in relation to 
formation. 
The release processes of halogenated SVOCs from open-field biomass burning have only 
been comprehensively investigated to date for polychlorinated dibenzo-p-dioxins and 
dibenzofurans (PCDD/Fs). These groups of compounds have been reported as forming by a 
number of mechanisms, including from combustion of carbon sources in plants/soil in the 
presence of chloride anions. The little that is currently known of emission mechanisms for 
other halogenated SVOCs will be further reviewed by chemical group in section 1.4. 
1.3.2 Role of open-field biomass burning as a source for SVOCs 
Amongst types of open-field biomass burning, forest/savannah fires are dominant on a global 
basis, accounting for 95% of total carbon emissions from this source (van der Werf et al., 
2010). This demonstrates the important role of forest/savannah fires as emission sources for 
relevant organic compounds including SVOCs. With the successful regulation of other major 
PAH sources (as reviewed in section 1.2.2), over this time period, emissions from 
forest/savannah fires are likely to have remained relatively constant. One piece of evidence 
that supports this is that annual global burning areas have remained relatively constant since 
the 1970s (Mouillot and Field, 2005). This suggests that forest/savannah fires are becoming a 
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relatively more important emission source for PAHs. Furthermore, under climate change 
conditions, the number of bushfires/wildfires as well as length of fire seasons are expected to 
increase in many regions as a result of rising temperatures and reduced precipitation 
(Friedman et al., 2013). This may be particularly relevant to tropical/subtropical regions 
where most (> 80%) open-field biomass burnings occur (Bowman et al., 2009; Gao et al., 
2003; Giglio et al., 2006; van der Werf et al., 2006).  
For POPs and other halogenated SVOCs, plants and soil are principle receptors for them on a 
global scale. Should their primary sources (i.e. intentional manufacturing and/or unintentional 
release) be phased out or regulated, these secondary sources may become more important 
(and potentially dominant), for compound groups such as PCBs, polychlorinated 
naphthalenes (PCNs), organochlorine pesticides (OCPs) and PBDEs (Aichner et al., 2013; 
Lammel and Stemmler, 2012; Meijer et al., 2003; Morales et al., 2015; Mueller et al., 2001; 
RůŽičková et al., 2007; Wang et al., 2012; Xiao et al., 2012; Yuan et al., 2012; Zheng et al., 
2015; Zheng et al., 2012). A range of previous studies have already noted that accumulated 
SVOCs can be remobilised during forest/savannah fires and redistributed into the ambient air 
(Eckhardt et al., 2007; Genualdi et al., 2009; Primbs et al., 2008a; Primbs et al., 2008b). 
1.4 Literature reviews of studies to date – emissions of SVOCs from forest/savannah fires 
Quantitatively estimating the emissions of certain species from biomass burning requires 
knowledge of emission factors (EFs), which are defined as mass of the compound released to 
the atmosphere per unit mass of fuel consumed by combustion. EFs derived using constructed 
burning facilities are valuable but the results may not represent those from actual 
forest/savannah fires (in-situ measurements), due to differences in combustion efficiencies 
for example (Aurell et al., 2015).  
To date, the most comprehensive datasets based on in-situ measurements of open 
combustions are for dioxins and dioxin-like PCBs (dl-PCBs) (Black et al., 2011; Black et al., 
2012; Gullett and Touati, 2003a; Gullett et al., 2008; Gullett and Touati, 2003b; Meyer et al., 
2004; Meyer et al., 2010; Prange et al., 2003). For other SVOC pollutants such as PAHs, 
PCNs, PBDEs, pesticides and other PCBs, field study based data are extremely limited, but 
those that exist are reviewed in detail below. 
PAHs. Emissions of PAHs from the burning of forest/savannah fuels have been investigated 
mostly under simulated conditions, with the fuels sourced typically from temperate and polar 
regions (Hays et al., 2002; Hosseini et al., 2013; Jenkins et al., 1996; McMahon and 
Page 25 of 286 
 
Tsoukalas, 1978; Medeiros and Simoneit, 2008; Moltó et al., 2010; Oros et al., 2006; Oros 
and Simoneit, 2001a, b), and in scarce in-situ studies (from an actual forest/savannah fire) 
(Aurell et al., 2015; Aurell et al., 2017; Masclet et al., 1995). A review of the studies to date 
including in-situ datasets and simulated studies whose conditions resembled actual fires 
closely (Lammel et al., 2013) are presented in Table 1.1. Reported PAH EFs varied greatly 
among these studies, (e.g the mean EF for ∑ PAHs ranged from 6,100 (Aurell et al., 2015) to 
3,900,000 µg kg-1 fuel  (Hosseini et al., 2013)). It has been estimated that in tropical regions, 
forest/savannah fires as PAH sources provide a greater contribution to the source profile 
(Shen et al., 2013). Among the only study reporting EFs for PAHs from tropical fires 
(Masclet et al., 1995) an estimated EF for the sum of 14 PAHs of 250 µg kg-1 dry fuel was 
reported. There is a conspicuous lack of EF data for individual PAH compounds from 
tropical forest/savannah fires. 
PCBs and PCNs. An important question is whether relevant amounts of PCBs and/or PCNs 
can be formed during open-field biomass burning. Such a formation process has been implied 
during operation of municipal solid waste incinerators, potentially based on a carbon source, 
chloride and certain degenerated graphitic structures (de Leer et al., 1989; Helm and 
Bidleman, 2003; Kim et al., 2004; Takasuga et al., 2004). But typically these processes 
require a relatively higher temperature than those commonly observed in open-field biomass 
burning (Boers et al., 1994; Kim et al., 2004). Indeed, de novo synthesis of PCBs as well as 
transformation of PCBs to dioxins (Erickson, 1989) have been considered to be minor factors 
during the combustion of biomass (Atkins et al., 2010; Minomo et al., 2011). On the other 
hand, the thermal stabilities of PCBs and PCNs mean considerable breakdown occurs mostly 
only at higher temperatures (up to 1,200 °C) (Basel Convention, 2003; Hitchman et al., 1995; 
Kim et al., 2004; Tomkins et al., 1991). Since this temperature typically may not be reached 
during open-field biomass burning, most PCBs and PCNs pre-existing in or on plants/soil 
should have survived and been volatilised into the ambient air. Therefore, volatilisation is 
hypothesised as the main mechanism resulting in the net release of these chemicals. 
It appears the only in-situ PCB EF dataset from actual forest/savannah fires reported to date 
was for Australian temperate and subtropical/tropical regions (Meyer et al., 2004) (mean EF 
for ∑ dl-PCBs TEQ was 74 – 90 pg kg-1 fuel; Table 1.1). Other attempts to generate such data 
include the ones using constructed or simulated burn facilities (Gullett and Touati, 2003b; 
Moltó et al., 2010; Lee et al., 2005). In addition, two opportunistic sampling campaigns at an 
Arctic site in 2004 and 2006 captured the air masses originating from boreal forest fires in 
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Alaska in 2004 (4,000 km away from the sampling site) and from agricultural waste burnings 
in Eastern Europe in 2006 (2,000 ~ 3,000 km away) respectively (Eckhardt et al., 2007). 
Gioia et al. tested whether the widespread open-field biomass burning in central and western 
Africa could be a major source for the high concentration of PCBs in air in the region (Gioia 
et al., 2011). Attempts to pair modelled and measured concentrations of PCB 28 and pairing 
PCB and PAH concentrations both gave negative results. No PCN data related to open-field 
biomass burning are available to date. Lee et al. determined PCN EFs from a controlled burn 
of hardwood (Beech) sourced from the UK in a fire testing chimney (Lee et al., 2005), with 
the EF for ∑ PCNs of 0.033 µg kg-1 fuel (Table 1.1). 
Pesticides. Pesticides typically have lower thermal stabilities compared to PCBs. If the 
temperatures during open-field biomass burning can reach the aforementioned maximum 
level (of approximately 700 °C) (Koppmann et al., 2005; Tomkins et al., 1991) during 
flaming, several pesticides including lindane, DDTs and chlorpyrifos may be degraded (Bush 
et al., 2000; Łubkowski et al., 1989). However, since the mean temperatures are typically 
around 200 – 300 °C (Meyer et al., 2004), thermal degradation processes may only dominate 
under strong flaming conditions. This implies a need for investigations of pesticide emissions 
from biomass combustions under different temperatures/phase combinations. Recently, 
several studies have reported elevated concentrations of several pesticides at receptor sites 
with arrival of plumes from biomass combustions (Eckhardt et al., 2007; Genualdi et al., 
2009; Primbs et al., 2008b). Therefore, it is hypothesised that pesticides can be volatilised 
during biomass combustions, with potential thermal degradation involved depending on what 
temperature can be reached and how long the high-temperature process can be maintained. 
Having scrutinised the relevant literature, it appears that there is a gap regarding relevant 
assessment and EF datasets for pesticides from forest/savannah fires to date. 
PBDEs. PBDEs have been extensively used as flame retardants due to their excellent thermal 
stability. Although they have been phased out only in recent years, soil has already been 
identified as an important sink and thus has the potential to act as a secondary source (Zheng 
et al., 2015). Gullett et al. estimated the emissions of PBDEs from domestic waste burning 
and concluded that most PBDEs detected in the smoke should be as a result of volatilisation 
from the waste (flame retardant treated), although debromination may also occur during the 
combustion (Gullett et al., 2009). Recently, Change et al. has reported emissions of PBDEs 
from agricultural waste open burning with an EF for ∑30 PBDEs of approximately 6.5 µg kg-1 
fuel. The authors implied a de novo formation process (Chang et al., 2014). PBDEs have been 
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confirmed as undergoing formation processes in incinerators in the presence of bromine 
(Artha et al., 2011; Wang et al., 2010), at 400 °C and 650 ~ 850 °C respectively. However, 
due to the relatively lower temperatures typically experienced during open-field biomass 
combustion (around 200 – 300 °C), de novo formation may not be a dominant process. No EF 
data for PBDEs from forest/savannah fires was noted in literature searches.
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Table 1.1. List of datasets of SVOC EFs (mean ± SD for gaseous + particle-associated phases, µg kg-1 fuel burnt) including ∑ dl-PCBs (pg 
(TEQ) kg-1 fuel burnt) from forest/savannah fires available in literature 
PAHs – Open burning and actual fires 
Fuel type 
Pine 
(n = 1) (Aurell et al., 
2015) 
Fir 
(n = 11) (Aurell et al., 
2017) 
Conifers, Pine, Juniper, Oak 
and deciduous trees 
(n = 8) (Medeiros and 
Simoneit, 2008)(e) 
   
Fuel source Temperate USA Temperate USA Temperate and semi-arid USA    
Combustion method Actual fire Open burning Open burning    
∑ PAHs(a) 6,100 19,000 ± 18,000 41,000 ± 7,200    
PAHs – Simulated burning and fires 
Fuel type 
Pine needles 
(n = 6) (McMahon and 
Tsoukalas, 1978)(e) 
Fir and pine 
(n = 4) (Jenkins et al., 
1996) 
Land-clearing debris 
(n = 6) (Lemieux et al., 2004; 
Lutes and Kariher, 1996)(f) 
Beech 
(n = 3) (Lee et al., 
2005)(e) 
Pine needles and cones 
(n = 4) (Moltó et al., 
2010)(f) 
Miscellaneous 
(n = 77) (Hosseini et al., 
2013)(e) 
Fuel source Temperate USA Temperate USA Temperate USA Temperate UK Temperate Spain Temperate USA 
Combustion method Combustion room Wind tunnel Burning simulator Fire testing chimney Horizontal tubular reactor Air-conditioned chamber 
∑ PAHs(a) 28,000 ± 40,000 7,300 ± 1,500 6,400 ± 760 6,800 ± 1,300 500,000 ± 280,000 3,900,000 ± 2,300,000 
Halogenated SVOCs 
Fuel type 
Savannah woodland 
(n = 4) (Meyer et al., 
2004) 
Eucalypt woodland 
(n = 4) (Meyer et al., 
2004) 
Sclerophyll eucalypt 
(n = 11) (Meyer et al., 2004) 
Pine needles and 
cones 
(n = 4) (Moltó et al., 
2010)(f) 
Beech 
(n = 3) (Lee et al., 2005) 
Boreal forest 
(n = 1) (Eckhardt et al., 
2007) 
Fuel source Tropical Australia Subtropical Australia Temperate Australia Temperate Spain Temperate UK Temperate/Polar USA 
Combustion method Open burning Open burning Open burning Horizontal tubular reactor Fire testing chimney 
At receptor sites (4000 
km away) 
∑ PCBs(b)     0.13 43 
∑ dl-PCBs TEQ(c) 90 ± 110 89 ± 63 74 ± 44 7,600 ± 5,900 20 ± 3  
∑ PCNs(d)     0.033  
(a) Refers to sum of data for phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthrancene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (I123cdP), dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP) data; 
(b) Refers to sum of data for congeners 28, 52, 101, 138, 153, 180, 77, 105, 114, 118, 156, 157 and 167; (c) Refers to sum of data for congeners 77, 81, 126, 169, 105, 114, 118, 123, 156, 
157, 167 and 189; (d) Refers to sum of data for congeners 13, 27, 28, 36, 46, 48, 50, 52, 53, 66, 69, 72, 73, 75; (e) Particle-associated phase only; (f) Gaseous phase only
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1.5 Major challenge of evaluating emissions of SVOCs from forest/savannah fires based on 
in-situ studies and potential approaches to address the challenge 
EF for target species can be expressed by: 
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏         (1.2) 
where 𝑀𝑀𝑖𝑖 and 𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the mass of target species emitted and the mass of fuel burnt in a 
given time period respectively. 
EFs for chemical species from open-field biomass burning can be derived from in-situ studies 
and simulated burnings under controlled conditions. In-situ studies provide data from actual 
fires, surpassing those from simulation burnings in terms of representativeness. However, a 
range of challenges are involved including the major challenge of determining the mass of 
fuel burnt, 𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, which is typically not measureable from open fires. This challenge may 
be addressed via the following alternatives.  
One approach is to use the carbon-balance model to estimate the EFs, based on the fact that 
the total carbon in the fuels may be regarded as a conserved quantity (Andreae and Merlet, 
2001; Meyer et al., 2004). 
The model or approach can be expressed by the following equation: 
𝐸𝐸𝐸𝐸𝑖𝑖 = ∆𝐶𝐶𝑖𝑖∆𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 × 𝐶𝐶𝐶𝐶 = 𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎 × 𝐶𝐶𝐶𝐶     (1.3) 
where 𝐸𝐸𝐸𝐸𝑖𝑖 is the emission factor (mass analyte kg-1 fuel) for a specific compound or 
compound group 𝑖𝑖, 𝐶𝐶𝐶𝐶 represents the fuel carbon content and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are the 
atmospheric concentrations (mass m-3) of the chemical or carbon under combustion 
conditions and ambient (background) conditions respectively.  
Typically, the carbon content of dry biomass fuel is close to 50% and varies only within a 
limited range between different fuel types. During the combustion process, more than 85% of 
the carbon is emitted as CO2 (Meyer et al., 2004). Therefore for simplicity we approximated 
the mass of emitted carbon to be the mass of C in emitted CO2 (CO2-C). This will lead to a 
slight overestimate of EF but is well within the typical uncertainty of SVOC analysis (RSD of 
20 – 50% for replicate QC samples fortified with analyte of interest) (US-EPA, 1999, 2007a, 
b, 2008). The above equation is thus simplified to: 
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎 × 0.5       (1.4) 
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where 𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 and 𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are concentrations of CO2-C (mass m-3) in the smoke and 
ambient air respectively.  
A second approach focuses on other chemical species as mass indicators, which is detailed as 
follows. Due to the differences in physical and chemical properties, SVOCs and above trace 
gases cannot be sampled on/in the same medium or sorbent. Thus, it would be desirable if an 
approach can be identified, that makes use of chemical species collected on the traditional 
SVOC sampling train itself for use as fuel mass indicators. Selection of fuel mass indicators 
in this project was based on the following criteria:  
- having relatively higher yields from combustion, which helps reduce relevant errors; 
- having well-established literature-based EF datasets from biomass burning; 
- can be feasibly/properly captured by the sorbent and/or sampling train for SVOCs; 
- would not incur complex subsequent analytical procedures, i.e. simple and cost 
effective. 
Based on the above criteria, among the potential options for mass indicators (Andreae and 
Merlet, 2001), total suspended particles (TSP) and the cellulose combustion product 
levoglucosan may be selected. These two species have relatively high EFs (of some g kg-1 
fuel burnt levels) (Andreae and Merlet, 2001). Any overload of TSP on filters during 
sampling can be overcome by simply replacing the filter with a new one. Subsequently, 
masses of TSP collected on the filter can be easily quantified using the traditional gravimetric 
method. The vapour pressure of levoglucosan (~ 2 × 10-4  Pa) (Booth et al., 2011) means that 
it can also be considered as a SVOC. It has been proven that the traditional air samplers for 
SVOC sampling can readily collect levoglucosan with minimal breakthrough (Xie et al., 
2014) and levoglucosan can also be quantified through robust chemical analysis procedures 
(Mazzoleni et al., 2007). Furthermore, the analysis may require only a small portion of the 
sample due to the high EF values typically for levoglucosan. This means a minimal 
perturbation of the original samples and thus a minimal compromise for the detection of other 
SVOCs. 
The estimation process can be expressed as: 
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 ×  𝐸𝐸𝐸𝐸𝑟𝑟𝑠𝑠𝑟𝑟        (1.5) 
Page 31 of 286 
 
where 𝐸𝐸𝐸𝐸𝑟𝑟𝑠𝑠𝑟𝑟 (mass kg-1 dry fuel) is the emission factor for the reference compound, which 
can be sourced from the literature (Andreae and Merlet, 2001). 𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 represents the 
emission ratios of compound 𝑖𝑖 relative to the reference species and can be derived from: 
𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 = ∆𝐶𝐶𝑖𝑖∆𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 = 𝐶𝐶𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠−𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎      (1.6) 
where 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠 and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are the atmospheric concentrations (mass m-3) of the target or 
reference species in the plume and under ambient (background) conditions respectively.  
Based on the calculated emission factors (𝐸𝐸𝐸𝐸𝑖𝑖) for chemical species/group 𝑖𝑖 and mass of 
relevant vegetation combusted per annum, 𝑀𝑀, the annual emitted amounts (𝐸𝐸𝑖𝑖) of 𝑖𝑖 from fires 
can be estimated using: 
𝐸𝐸𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖 × 𝑀𝑀          (1.7) 
Mass of vegetation combusted (𝑀𝑀) (kg) can in turn be derived from: 
𝑀𝑀 = 𝐴𝐴 × 𝐵𝐵 × 𝑐𝑐         (1.8) 
Here, A represents the extent of burned areas (km2) per year, 𝐵𝐵 is the biomass density (kg km-
2) and 𝑐𝑐 the combustion completeness (van der Werf et al., 2006). 
In summary, forest/savannah fires are potentially important emission sources for SVOCs. 
Emissions of SVOCs from forest/savannah fires may involve processes of formation, 
(re)volatilisation and degradation. To date, in-situ studies on quantitative determination of 
emissions from forest/savannah fires are still very limited for a large proportion of SVOCs, 
especially from tropical/subtropical regions. Challenges of in-situ studies may exist including 
measurements of the fuel mass burnt but these can potentially be overcome through the above 
approaches. 
1.6 Objectives 
This PhD project aims to evaluate the emissions of a broad range of SVOCs from 
bushfires/wildfires. This data will be used to estimate the contribution from 
bushfires/wildfires to the atmospheric burdens of those air pollutants in Australia via the 
tasks described below: 
- Investigating the levels of SVOCs of interest in ambient air at various locations with 
potentially different source profiles; 
- Determining the EF data for target SVOCs from forest and savannah fires; 
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- Estimating the contribution from bushfires/wildfires as an emission source for SVOCs 
within the Australian context and the changes to this contribution over time. 
1.7 Thesis structure 
Chapter 1 provides a review of current literature on evaluating emissions of SVOCs of 
interest from forest/savannah fires. Through this, Chapter 1 identifies existing gaps in this 
research field and forms the objectives of this PhD project that aim to address some of these 
gaps. Chapter 2 establishes the methodology for chemical analysis and relevant quality 
assurance and control systems to ensure the results of this PhD project are reliable and 
interpretation and discussion valid. Chapter 3 presents the first nationwide dataset of 
concentrations and profiles of atmospheric SVOCs across Australia from which concentration 
variations among sites with different land-use and potential sources are discussed. Chapter 4 
assesses the temporal (long-term and seasonal) changes in concentrations and profiles of 
target SVOCs in ambient air in an Australian city. Through this assessment, this chapter 
discusses the contributions from different emission sources including bushfires/wildfires. 
Chapter 5 estimates EFs for target SVOCs from bushfires/wildfires in tropical/subtropical 
Australia and evaluates relevant emission characteristics. Chapter 6 determines EFs for target 
SVOCs from the burning of various tropical fuels that are common in Australia. These EF 
data including ones for compounds confirmed as having lower amounts loaded in or on the 
tropical biomass/soil, derived from using a special smoke sampler. Using these EF data, 
Chapter 6 provides a first estimate of annual emissions of target SVOCs from 
bushfires/wildfires within an Australian context. 
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Chapter 2: Methodology 
2.1 Sampling techniques 
SVOCs in ambient air can exist in both the gaseous and particle (condensed) phases 
(Bidleman, 1988). Therefore sampling of these chemicals to accommodate such speciation 
requires both a sorbent and a fibre filter operated simultaneously in series. Passive air 
samplers, containing sorbent for gaseous phase chemicals only, are also used in one of the 
chapters to satisfy specific sampling requirements, which will be detailed below. 
In total, five different types of air samplers were used in this project: XAD-based passive air 
samplers (XAD-PAS, Chapter 3), low-volume active air samplers (Chapter 4), a portable 
active air sampler (Chapter 4), high-volume active air samplers (Chapter 5) and a high 
volume smoke sampler (Chapter 6). 
The XAD-PAS consists of an XAD-2-filled container placed in a protective sampling shelter 
with an opening at the bottom, enabling the sampling of gaseous chemicals in ambient air 
based on a diffusive uptake pathway (Wania et al., 2003). XAD-2 is a styrene-divinylbenzene 
copolymer and has excellent sorption capacity for POPs. In addition, the uptake is linear for 
sampling periods in excess of one year for the chemicals of interest within this project 
(Armitage et al., 2013; Shunthirasingham et al., 2010). This type of sampler is cost-effective, 
with no active power supply and minimal maintenance requirements. It is ideal for use at 
sampling sites with limited access, for example those located in remote areas. Such samplers 
should enable the main aim of Chapter 3, i.e. providing baseline data for this project from 15 
sampling sites across the continent, to be satisfied. Design and dimensions of the XAD-PAS 
used in this project have been adapted from a previous study (Wania et al., 2003), using mesh 
cylinders 10 centimetres long and with a surface area of 62.5 cm2 (i.e. half of the original 
design). 
The low-volume active air samplers are self-designed, with a typical sampling rate of 
approximately 4 m3 h-1. The sampling volume is recorded using a calibrated gas meter 
connected to the sampler outlet. The particle-associated fraction of the samples is collected 
on a glass fibre filter (GFF) (Whatman™, 90 mm Ø, grade GF/A), followed by a cartridge 
containing 10 g of XAD-2 styrene-divinylbenzene copolymer, to collect chemicals in the gas 
phase. A schematic diagram can be found in Figure 2.1. This type of sampler fulfils the 
requirement of Chapter 4 by collecting monthly samples, drawing ~ 3,000 m3 of ambient air 
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for each sample. This satisfies the typical detection limits for the target chemicals in this 
project, while causing minimal breakthrough issues (to be discussed in section 2.5). 
The portable active air sampler (SAICI Technology Co., LTD., LSAM-100) operates at a rate 
of 0.14 m3 h-1 and consists of an XAD-2 sampling cartridge. It is used to collect air samples 
in a traffic tunnel to characterise the PAH profiles from vehicular emissions, as part of the 
sampling campaigns in Chapter 4. 
The high-volume active air samplers (Kimoto Electric Co., LTD.) are used to collect the 
smoke samples from actual forest/savannah fires in Chapter 5. With a sampling rate of 
approximately 1 m3 min-1, particle-associated and gaseous SVOCs are collected on a glass 
fibre filter (GFF, Whatman™, 203 × 254 mm, grade GF/A) and a subsequent polyurethane 
foam (PUF) plug (90 mm diameter and 40 mm thickness) respectively. Their relatively high 
sampling rate is essential for the fire sampling campaign, which typically requires a high 
temporal resolution of days, even hours. The samplers were calibrated using an orifice plate 
prior to each sampling campaign and the sampling volume was calculated based on the 
calibrated sampling rate and sampling duration. A bypass gas meter installed on the outlet of 
the samplers was used to monitor any anomalous fluctuation of the sampling rate during 
sample collection. 
The high volume smoke sampler has been described in detail elsewhere (Black et al., 2011; 
Meyer et al., 2004). Particle-associated and gaseous chemicals were collected on a quartz 
fibre filter (QFF, 203 × 254 mm) and then two 130 mm diameter PUF plugs (51 and 25 mm 
thickness for the front and back one respectively). The typical sampling rate is 1 m3 min-1 
with a small bypass airflow withdrawn to determine the concentrations of carbon monoxide 
(CO) and carbon dioxide (CO2). Its schematic diagram is depicted in Figure 2.2. This sampler 
allows the simultaneous collection of CO and CO2 in the fire plumes, enabling the aim of 
Chapter 6 of using the carbon balance model (see section 1.5) to determine EFs for target 
SVOCs to be achieved. 
2.2 Selection of target compounds 
Based on the literature review in Chapter 1, SVOCs selected as target analytes in this project 
include PAHs, which can be formed during the combustion processes, and halogenated 
SVOCs including historically used POPs such as PCBs, PCNs, PBDEs and OCPs and 
currently used pesticides such as chlorpyrifos and permethrin. During biomass combustion 
processes, their major expected emission mechanisms, as well as their relevant physical and 
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chemical properties are shown in brief in Table 2.1. For each chemical group, various 
analytes/congeners were selected, including the ones commonly investigated in 
environmental studies for potential comparison reasons. In total, 79 chemicals are selected for 
this PhD project. The full chemical list is provided as Table 2.2 and chemical structures of 
selected examples from the analyte suite are shown in Figure 2.3.  
2.3 Sample extraction and clean-up 
To accomplish the detection of the target compounds, some of which may exist at trace levels 
in the ambient air and even the fire smoke, a selective and sensitive analytical protocol is 
essential. This includes proper extraction techniques to cover the wide range of polarity of 
these chemicals, selective cleanup protocols to effectively and efficiently separate the target 
compounds from matrices with acceptable loss and state-of-the-art analytical instruments 
with excellent sensitivity and a high resolution. 
Sample extraction. The collected samples (XAD, GFFs and PUFs) are spiked with a 
solution (100 µL) containing 7 deuterated PAHs, 18 13C-PCB congeners, 7 13C-PBDE 
congeners and 14 13C-labelled pesticides as listed in Table 2.2 at varying concentrations in 
isooctane. Subsequently they are extracted with an Accelerated Solvent Extractor (ASE, 
Thermo Scientific™ Dionex™ ASE™ 350) using a mixture of n-hexane and acetone (1: 1, v: 
v) in 33 mL (for GFFs and XAD) and 100 mL (for PUFs) stainless steel vessels respectively. 
The ASE conditions are: pressure of 1500 psi, temperature of 100 °C, static cycle time of 10 
min, 60% flush volume, purge time of 120 s and 2 cycles. Extracts are then blown down by a 
gentle stream of purified nitrogen and concentrated to 1 mL in dichloromethane (DCM). 40% 
of the volume of the extract (portion F1) is taken for analysis of 13 PAHs and 13 pesticides, 
another 40% (portion F2) for 18 PCB congeners, 14 PCN congeners, 14 other pesticides and 
7 PBDE congeners and the final 20% (portion F3) for levoglucosan. 
Sample cleanup. F1 is cleaned up using a chromatographic column containing (from bottom 
to top) 4 g of neutral alumina, 2 g of neutral silica gel and 2 g of sodium sulphate. F2 is 
cleaned up by a chromatographic column containing (from bottom to top) 4 g of neutral 
alumina, 2 g of acid treated silica gel and 2 g of sodium sulphate. A mixture of n-hexane and 
DCM (1: 1, v: v) is used to elute the target compounds from the columns. The first 5 mL is 
discarded for each and the following 22 mL for F1 and 11 mL for F2 are collected 
respectively. Eluants are carefully blown down by a gentle stream of purified nitrogen to near 
dryness and reconstituted with 250 pg of 13C12-PCB 141 (in 25 µL isooctane). 
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F3 is solvent changed to acetonitrile and diluted by a factor of 10 before being filtered 
through a PTFE membrane system (pore size 0.2 µm). The filtrates are blown down to 
complete dryness and reconstituted with 100 µL of bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane (TMS) and 50 µL of pyridine. The 
derivatisation process is carried out by heating the samples at 50 °C for 2 hours. Samples are 
then carefully blown down to complete dryness again, reconstituted with 500 pg of 13C12-
PCB 141 in 50 µL isooctane and then diluted with isooctane to 1 mL. 
The mass of total suspended particles (TSP) within each sample is determined as the mass 
gained during sampling using a gravimetric method, i.e. by weighing the GFF at room 
temperature (25°C) and a relative humidity of 45% before and after sampling. The sampled 
GFFs are stored in a desiccator overnight before being weighed. 
2.4 Sample analysis 
To ensure sufficient sensitivity of the analysis, a Thermo Scientific™ TRACE™ 1310 gas 
chromatograph coupled to a Thermo Scientific™ DFS™ Magnetic Sector high resolution 
mass spectrometer (GC-HRMS) is used for detecting and quantifying the target compounds 
from the samples. The HRMS is operated in electron impact-multiple ion detection (EI-MID) 
mode and resolution was set to ≥ 10,000 (10% valley definition). Injection of each sample 
into the GC-HRMS is in splitless mode and the temperatures for injection port, transfer line 
and source are maintained at 250, 280 and 280 °C respectively. A DB5-MS column (30 m x 
0.25 mm x 0.25 µm, J&W Scientific) is used with helium as the carrier gas at a constant flow 
rate of 1 mL min-1. The oven temperature program starts from 80 °C which is held for 2 min, 
then raised by 20 °C min-1 to 180 °C and held for 0.5 min before being ramped up to 290 °C 
at 10 °C min-1 for 8 min. Perfluorokerosene (PFK) is used as the internal mass reference for 
the mass spectra and two ions are monitored for each target analyte and internal standard 
(Table 2.2). 
Identification of the analytical responses is confirmed using a combination of signal to noise 
ratio, relative retention time to specific internal standard and response ratio for the two ions 
monitored. Analyte concentrations are quantified from their relative response to a specific 
internal standard listed in Table 2.2 against the slope of a nine-point calibration curve. 
2.5 Quality assurance and quality control (QA/QC) 
Breakthrough test. For the low-volume and portable active air samplers, three cartridges 
containing half as much XAD as used in the actual sampling campaigns are connected in 
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series and an air sample is collected. The duration of the sampling period and flow rate of the 
pumps are the same as those employed during the actual sampling campaigns. The three 
cartridges are then extracted and analysed separately. Breakthrough percentages for 
individual compounds are calculated by dividing the mass of compound collected on the back 
layer by the summed mass from all three layers.  
For the high-volume samplers and the smoke sampler, a solution of breakthrough standards 
containing 3 deuterated PAHs (2D10-Ant, 2D10-Pyr and 2D14-DahA; 100 ng each) is spiked 
onto PUF plugs before each sampling event. These standards have vapour pressures (at 25 
°C) ranging from 7.8×10-2 Pa (2D10-Ant) (Odabasi et al., 2006) to 6.0×10-4 Pa (2D10-Pyr) 
(Mackay et al., 1997) and to 7.2×10-7 Pa (2D14-DahA) (Odabasi et al., 2006), consistent with 
the vapour pressure range of the compounds targeted within this project. Recoveries of these 
compounds are used to estimate the breakthrough percentage (if any) for chemicals collected 
on the PUF plugs. Any significant (i.e. ≥ 15%) loss of the breakthrough standards indicates 
the need to take this into account in the quantification of relevant target compounds.  
QC samples. Known amounts of target compounds are spiked onto replicated clean matrices 
(XAD, GFFs and PUFs; n = 5 for each) and these spiked matrices are analysed as for the 
actual samples to estimate the reproducibility of the analytical protocols.  
Blank samples and method detection limits (MDLs). Within each batch of samples 
analysed (typically 10 samples per batch), a solvent blank, a matrix blank and a field blank 
are incorporated to check for any contamination related to instruments, the sample 
preparation system and transportation and storage of samples. MDLs are defined as the 
average field blank plus three times the standard deviation. If the relevant compounds could 
not be detected within the field blank samples, MDLs are determined based on half the 
instrument detection limits (IDLs). 
2.6 Statistical analysis 
Statistical analyses are performed using GraphPad Prism version 7.00 for Windows (La Jolla 
California USA). Bivariate correlations (Spearman correlation coefficients) are used to 
describe the relationships between two variances. Student’s t-test is performed to compare the 
differences in concentrations, profiles and emission factors wherever applicable. 
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Figure 2.1. Schematic diagram of the low-volume active air sampler 
 
Figure 2.2. Schematic diagram of the high-volume smoke sampler 
(adapted from Meyer et al., 2004)
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Figure 2.3. Chemical structures for examples of target SVOCs/SVOC groups
BaP
PCBs PCNs PBDEs
DDT Permethrin
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Table 2.1. Expected relevance of processes that affect emissions of different SVOC groups during biomass combustion processes, as well as the 
range of some of their key physical and chemical properties 
Chemicals In-situ formation (Re)volatilisation Destruction/Transformation 
Vapour pressure (Pa) 
(at 20-25 °C) 
Log Kow 
(at 20-25 °C) 
Log Koa 
(at 20-25 °C) 
PAHs Relevant and very important 
Not relevant in the context of 
formation 
Important but not relevant in the 
context of formation 1.4 × 10
-8 – 11 (a) 3.4 – 6.8 (b – d) 5.1 – 13 (a, b) 
PCBs Not relevant Relevant and important Not relevant 7.0 × 10-4 – 4.4 × 10-2 (b) 5.8 – 7.0 (d) 7.7 – 9.3 (b) 
PCNs Not relevant Relevant and important Not relevant 3.0 × 10-6 – 1.3 × 10-1 (r) 5.4 – 10 (r) 6.9 – 10 (q) 
PBDEs Maybe relevant Relevant and important Not relevant 4.7 × 10-7 – 2.2 × 10-3 (t) 5.9 – 8.3 (s) 9.5 – 12 (u) 
Pesticides 
Not relevant 
(very unlikely) 
Relevant Relevant and potentially some importance 
1.3 × 10-9 – 1.0 
(e, f, i, n – p) 
3.0 – 6.9 
(e – i, n – p) 
6.7 – 11 
(f – k, m – p) 
References: a: Chun, 2011; b: Mackay et al., 1992; Mueller, 1997; c: GSI Environmental lnc. Web site, accessed July 10, 2016; d: Wan and Mackay, 1986; e Ritter et al., 1995; f: Shen 
and Wania, 2005; g: Mackay, 1982; h: Stockholm Convention Web site, accessed July 10, 2016; i: ATSDR Web site, accessed July 10, 2016; j: Zhang et al., 2009; k: Odabasi and 
Cetin, 2012; m: Wilcockson and Gobas, 2001; n Racke, 1993; o: Yao et al., 2007; p: Laskowski, 2002; q: Harner and Bidleman, 1998; r: WHO, 2001; s: Li et al., 2008; t: Tittlemier et 
al., 2002; u: Harner and Shoeib, 2002
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Table 2.2. Target compounds, internal standards and ions monitored 
 Target compounds# Quant ion$ Qual ion^ 
Internal standard 
(spiked amount, mass per sample) 
Quant ion Qual ion 
F1 
PAHs 
Phe 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Ant 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Flu 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
Pyr 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
BaA 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
Chr 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
BbF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BkF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BeP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
BaP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
I123cdP 276.0939 277.0972 2D12-I123cdP (50 ng) 288.1692 289.1725 
DahA 278.1096 279.1129 2D12-I123cdP (50 ng) 288.1692 289.1725 
BghiP 276.0939 277.0972 2D12-BghiP (50 ng) 288.1692 289.1725 
Pesticides 
Heptachlor 271.8102 273.8072 13C10-heptachlor (500 pg) 276.8269 278.8240 
Heptachlor epoxide B 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Heptachlor epoxide A 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Chlorpyrifos 313.9574 315.9545 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Aldrin 262.8569 264.8540 13C12-aldrin (500 pg) 269.8804 271.8775 
Dieldrin 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endrin 262.8569 264.8540 13C12-endrin (500 pg) 269.8804 271.8775 
Endrin ketone 316.9039 314.9069 13C12-endrin (500 pg) 269.8804 271.8775 
Dacthal 298.8836 300.8807 13C12-dieldrin (500 pg) 269.8804 271.8775 
α-endosulfan 264.8540 262.8569 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
β-endosulfan 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endosulfan sulfate 269.8131 271.8102 13C12-dieldrin (500 pg) 269.8804 271.8775 
Permethrin 184.0843 183.0081 13C6-permethrin (10 ng) 189.1011 190.1045 
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F2 
Non-dioxin-like PCBs 
PCB 28 255.9613 257.9584 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCB 52 291.9194 289.9224 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCB 101 325.8804 327.8775 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCB 138 359.8415 361.8385 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCB 153 359.8415 361.8385 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCB 180 393.8025 395.7995 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Dioxin-like PCBs 
(non-ortho-substituted) 
PCB 77 291.9194 289.9224 13C12-PCB 77 (100 pg) 303.9597 301.9626 
PCB 81 291.9194 289.9224 13C12-PCB 81 (100 pg) 303.9597 301.9626 
PCB 126 325.8804 327.8775 13C12-PCB 126 (100 pg) 337.9207 339.9178 
PCB 169 359.8415 361.8385 13C12-PCB 169 (100 pg) 371.8817 373.8788 
Dioxin-like PCBs 
(mono-ortho-substituted) 
PCB 105 325.8804 327.8775 13C12-PCB 105 (100 pg) 337.9207 339.9178 
PCB 114 325.8804 327.8775 13C12-PCB 114 (100 pg) 337.9207 339.9178 
PCB 118 325.8804 327.8775 13C12-PCB 118 (600 pg) 337.9207 339.9178 
PCB 123 325.8804 327.8775 13C12-PCB 123 (100 pg) 337.9207 339.9178 
PCB 156 359.8415 361.8385 13C12-PCB 156 (100 pg) 371.8817 373.8788 
PCB 157 359.8415 361.8385 13C12-PCB 157 (100 pg) 371.8817 373.8788 
PCB 167 359.8415 361.8385 13C12-PCB 167 (100 pg) 371.8817 373.8788 
PCB 189 393.8025 395.7995 13C12-PCB 189 (100 pg) 405.8428 407.8398 
PCNs 
PCN 13 229.9457 231.9427 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCN 27 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 28 + 36 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 46 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 48 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 50 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 52 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 53 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 66 333.8258 335.8229 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCN 69 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCN 72 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
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PCN 73 367.7868 369.7839 13C12-PCB 180 (500 pg) 405.8428 407.8398 
PCN 75 403.7449 401.7479 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Pesticides 
HCB 283.8102 285.8072 13C6-HCB (500 pg) 289.8303 291.8273 
α-HCH 220.9086 218.9116 13C6-α-HCH (500 pg) 224.9317 222.9346 
β-HCH 220.9086 218.9116 13C6-β-HCH (500 pg) 224.9317 222.9346 
γ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
σ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
Trans-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
Cis-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
p,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
o,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
p,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
o,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
p,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
o,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
Mirex 271.8102 273.8072 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
PBDEs 
PBDE 28 405.8026 407.8006 13C12-PBDE 28 (1 ng) 417.8429 419.8409 
PBDE 47 485.7111 483.7131 13C12-PBDE 47 (1 ng) 497.7513 495.7533 
PBDE 99 563.6215 565.6195 13C12-PBDE 99 (1 ng) 575.6618 577.6598 
PBDE 100 563.6215 565.6195 13C12-PBDE 100 (1 ng) 575.6618 577.6598 
PBDE 153 643.5300 641.5320 13C12-PBDE 153 (1 ng) 655.5703 653.5723 
PBDE 154 643.5300 641.5320 13C12-PBDE 154 (1 ng) 655.5703 653.5723 
PBDE 183 721.4405 723.4385 13C12-PBDE 183 (1 ng) 733.4808 735.4788 
F3 Levoglucosan Levoglucosan 204.0812 217.0891 2D10-Phe (500 ng) 188.1410 189.1443 
# Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[a]anthrancene; Chr: chrysene; BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene; BeP: 
benzo[e]pyrene; BaP: benzo[a]pyrene; I123cdP: indeno[1,2,3-cd]pyrene; DahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene; HCH: hexachlorocyclohexanes; HCB: 
hexachlorobenzene. $ Quant ion: quantification ion; ^ Qual ion: qualification/reference ion. 
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Chapter 3: Determination of concentrations and profiles of selected SVOCs in 
Australia’s ambient air 
Spatially and temporally resolved data of background concentrations and profiles of 
atmospheric SVOCs are required to assess potential emission sources and relevant changes. 
While systematic monitoring campaigns have been regularly conducted in the 
countries/regions in the Northern Hemisphere, such systematic data are rarely available in 
Australia. In Chapter 3 we carried out a nationwide study with the aim of providing baseline 
data for this project from 15 sampling sites covering various geographical regions and states 
and different types of land-use including remote/background, agricultural and semi-urban and 
urban areas. This chapter presents the first nationwide dataset of concentrations and profiles 
of atmospheric SVOCs for Australia, allowing a discussion of variations between sites with 
different land-use and potential sources in this and subsequent chapters. 
 
The following publication is incorporated as Chapter 3: 
Wang, X., Kennedy, K., Powell, J., Keywood, M., Gillett, R., Thai, P. K., Bridgen, P., 
Broomhall, S., Paxman, C., Wania, F., Mueller, J. F., 2015. Spatial distribution of selected 
persistent organic pollutants (POPs) in Australia's atmosphere. Environmental Sciences: 
Processes and Impacts 17, 525-532. DOI: 10.1039/C4EM00594E. 
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Abstract 
A nation-wide passive air sampling campaign recorded concentrations of persistent organic 
pollutants in Australia’s atmosphere in 2012. XAD-based passive air samplers were deployed 
for one year at 15 sampling sites located in remote/background, agricultural and semi-urban 
and urban areas across the continent. Concentrations of 47 polychlorinated biphenyls ranged 
from 0.73 to 72 pg m-3 (median of 8.9 pg m-3) and were consistently higher at urban sites. The 
toxic equivalent concentration for the sum of 12 dioxin-like polychlorinated biphenyls was 
low, ranging from below detection limits to 0.24 fg m-3 (median of 0.0086 fg m-3). Overall, the 
levels of polychlorinated biphenyls in Australia were among the lowest reported globally to 
date. Among the organochlorine pesticides, hexachlorobenzene had the highest (median of 41 
pg/m3) and most uniform concentration (with a ratio between highest and lowest value ~5). 
Bushfires may be responsible for atmospheric hexachlorobenzene levels in Australia that 
exceeded Southern Hemispheric baseline levels by a factor of ~4. Organochlorine pesticide 
concentrations generally increased from remote/background and agricultural sites to urban 
sites, except for high concentrations of α-endosulfan and DDTs at specific agricultural sites. 
Concentrations of heptachlor (0.47 – 210 pg m-3), dieldrin (ND – 160 pg m-3) and trans- and 
cis-chlordanes (0.83 – 180 pg m-3, sum of) in Australian air were among the highest reported 
globally to date, whereas those of DDT and its metabolites (ND – 160 pg m-3, sum of), α-, β-, 
γ- and δ-hexachlorocyclohexane (ND – 6.7 pg m-3, sum of) and α-endosulfan (ND – 27 pg m-
3) were among the lowest. 
Key words 
POPs; atmosphere; spatial distribution; Australia 
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3.1 Introduction 
Persistent organic pollutants (POPs) include many semi-volatile organic chemicals (SVOCs) 
that can emit into the atmosphere from sources and transport away in large distances (Pozo et 
al., 2009). Subsequently they can be transferred into human and wildlife food chains (Hung et 
al., 2001) through terrestrial and aquatic ecosystem accumulation which makes the atmosphere-
biological reservoirs-food (animal & plant origin) pathway a key exposure route for humans to 
POPs. 
The systematic collection and analysis of POPs in samples from the ambient atmosphere has 
become an important tool for estimating their release from primary and secondary sources. 
Several atmospheric monitoring programs have been established to obtain spatially and/or 
temporally resolved data of atmospheric POPs on a regional scale. For instance, at the 17 
sampling sites of the Integrated Atmospheric Deposition Network (IADN) in the Laurentian 
Great Lakes Region (Buehler and Hites, 2002) more than 100 chemicals, including 
polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs), have been measured 
since 1990. Within the scope of the Toxic Organic Micropollutants Program (TOMPs) in the 
UK (Food and Rural Affairs, 2014), over 100 chemicals including dioxins and PCBs have been 
analysed in samples collected at six sampling sites across England and Scotland since 1991. 
Similar activities are conducted elsewhere in Europe as part of the European Monitoring and 
Evaluation Programme (EMEP) (EMEP Web site, accessed Dec 15, 2013). 
In contrast, relatively few systematic data are available for POPs in the atmosphere of 
Australia, the world’s sixth largest country by area. Data from two sampling sites established 
in Australia as part of the Global Atmospheric Passive Sampling (GAPS) network (Pozo et al., 
2009; Pozo et al., 2006; Shunthirasingham et al., 2010b) suggest that the levels of atmospheric 
PCBs and OCPs at Australian sites are generally low compared to the sites in the Northern 
Hemisphere (NH). As part of Australia’s National Dioxins Program (NDP) (Department of the 
Environment, 2014), data on dioxin levels from 10 sites across Australia indicated a clear 
increasing trend along a background-urban gradient as well as a strong seasonal cycle (Gras et 
al., 2004). To date, these studies either had a limited number of sites or a limited number of 
target chemicals and thus do not amount to a systematic collection and analysis of atmospheric 
POPs in Australia. 
Australia spans across several climate zones with a wide range of potential sources for POPs 
associated with different land uses. However, due to its large size and small population, a 
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nation-wide continuous spatial and temporal air monitoring program requires cost-effective 
and innovative techniques. Passive air samplers (PAS), which meet these requirements, have 
been used widely for monitoring atmospheric POPs (Shen et al., 2005; Shunthirasingham et 
al., 2010a; Shunthirasingham et al., 2010b). Therefore the aim of this study is to establish a 
PAS-based monitoring and archiving program for measuring the spatial variations in 
atmospheric concentrations of POPs (viz. the atmospheric concentrations of POPs among 
representative sites with different land-use) in Australia. In this study we present and discuss 
the data for PCBs and OCPs for the year of 2012. 
3.2 Materials and methods 
3.2.1 Sampling protocol 
XAD-resin based passive air samplers (XAD-PAS) were deployed for approximately one year 
at 15 sampling sites across all Australian states and territories, including five 
remote/background, five agricultural, one semi-urban and four urban sites (Figure 3.1). Since 
more than 85% of the population in Australia is concentrated within 50 km of the coastline 
(ABS, 2001) and thus most industrial and agricultural activities are concentrated along the 
coastal periphery, our sampling strategy aimed to cover different geographic and climate zones 
across Australia as well as to represent different population density and land-use areas. Design 
and dimensions of the XAD-PAS have been adapted from a previous study (Wania et al., 2003), 
using mesh cylinders 10 centimetres long and with a surface area of 62.5 cm2 (i.e. half of the 
original design). Site-specific deployment details and an example photograph of sampler 
deployment at site UR3 (Homebush Bay, NSW) are presented in Table 3.1 and Figure S1 in 
the Supporting Information (SI) respectively. The XAD-PAS at UR4 (Adelaide) was 
duplicated. 
During the PAS deployment period an active air sampler (AAS) operated by the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) collected 12 monthly 
samples at site SUR (Darwin), by drawing ~12 m3 of air per hour through a quartz fibre filter 
(QFF) and an XAD-polyurethane foam (PUF) sandwich cartridge. After sampling and retrieval, 
XAD cylinders, QFFs and XAD-PUF sandwich cartridges were stored at -20 ℃ until analysis. 
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Figure 3.1. Map of sampling sites 
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Table 3.1. Site specific deployment details 
Sampling 
site Location* Latitude Longitude Classification 
Sampling 
period 
(from to) 
Deployment 
duration 
(days) 
BA1 Dunk Island QLD 
17°56'07"
S 
146°08'34"
E Background 
29/Feb/12 
13/Mar/13 378 
BA2 Kakadu NT 
13°02'11"
S 
132°26'23"
E Background 
25/Feb/12 
15/Jan/13 325 
BA3 Uluru NT 
25°20'52"
S 
131°02'04"
E Background 
08/Feb/12 
28/Mar/13 414 
BA4 Cape Grim TAS 
40°40'60"
S 
144°40'60"
E Background 
20/Jan/12 
08/Jan/13 354 
BA5 Phillip Island VIC 
38°29'24"
S 
145°12'14"
E Background 
18/Jan/12 
06/Jan/13 354 
AG1 Tully QLD 
17°56'03"
S 
145°55'24"
E Agricultural 
29/Feb/12 
08/Mar/13 373 
AG2 Mildura VIC 
34°11'04"
S 
142°09'56"
E Agricultural 
12/Jan/12 
09/Jan/13 363 
AG3 Gunnedah NSW 
31°01'34"
S 
150°16'08"
E Agricultural 
21/Feb/12 
18/Jan/13 332 
AG4 Barossa Valley SA 
34°31'60"
S 
138°56'60"
E Agricultural 
03/Feb/12 
24/Jan/13 356 
AG5 Kununurra WA 
15°46'26"
S 
128°44'20"
E Agricultural 
16/Jan/12 
15/Feb/13 396 
SUR Darwin NT 
12°27'41"
S 
130°50'31"
E Semi-urban 
25/Jan/12 
09/Jan/13 350 
UR1 Brisbane QLD 
27°29'51"
S 
153°02'06"
E Urban 
13/Feb/12 
06/Feb/13 359 
UR2 Rozelle NSW 
33°52'02"
S 
151°12'26"
E Urban 
14/Feb/12 
06/Mar/13 386 
UR3 Homebush Bay NSW 
33°49'21"
S 
151°05'02"
E Urban 
15/Feb/12 
06/Mar/13 385 
UR4# Adelaide SA 
34°54'05"
S 
138°34'00"
E Urban 
03/Feb/12 
24/Jan/13 356 
* QLD-Queensland, NT-Northern Territory, TAS-Tasmania, VIC-Victoria, NSW-New South Wales, SA-
South Australia, WA-Western Australia; # where duplicated samples are available 
 
3.2.2 Chemical analysis 
Samples were analysed for 49 PCB congeners and 27 OCPs (listed in Table S1 in the SI) by 
AsureQuality Ltd. using USEPA Methods 1668A (US-EPA, 2003) and 1699 (US-EPA, 2007) 
respectively. Briefly, samples were spiked with a range of 13C-labelled PCB congeners and 
OCPs before Soxhlet extraction and cleanup. Sample analysis was then carried out by high-
resolution gas chromatography coupled with high-resolution mass spectrometry (HRGC-
HRMS). The laboratory has ISO17025 accreditation for its test methods and reported results. 
Details on the chemical analysis are given in the SI. 
3.2.3 Sampling rate (R) for XAD-PAS 
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The large sorption capacity of the XAD-PAS used in this study assures that uptake is linear for 
sampling periods in excess of one year for the chemicals of interest to this study (Armitage et 
al., 2013; Shunthirasingham et al., 2010b). This allows the conversion of the amount of 
chemicals sequestered by the samplers during the deployment period (CPAS in pg sampler-1) 
into volumetric concentrations in air (CAir in pg m-3) using: 
𝐶𝐶𝐴𝐴𝑖𝑖𝑟𝑟 = 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅×𝑡𝑡           (3.1) 
where R (m3 sampler-1 day-1) is the compound-specific PAS sampling rate during the 
deployment period t (days). Sampling rates R for the target chemicals of this study were 
reviewed and collated from a range of outdoor studies (SI Table S2) and corrected for surface 
area, if they had been obtained with the longer sampler design. Briefly, an R of 0.55 m3 
sampler-1 day-1 was used for all PCB congeners, whereas R for OCPs varied from 0.34 to 0.91 
m3 sampler-1 day-1. Since these sampling rates are collated from a range of different studies, 
involvements of uncertainty are expected and so are accordingly the volumetric 
concentrations converted from them. 
3.2.4 Quality assurance and quality control (QA/QC)  
Recoveries of internal standards (13C-labelled analogues) spiked before extraction were 50% – 
120% for 95% of the samples (45 – 150% for PCBs and 24 – 144% for OCPs throughout all 
the samples), which were within the QC acceptance criteria of the USEPA methods (US-EPA, 
2003, 2007). A few chemicals (including hexachlorobenzene (HCB), pentachlorobenzene 
(PeCB), PCB#1 and PCB#3) were detected in laboratory and field blank samples. The mass of 
HCB in blank samples was consistently less than 10% of the amounts in exposed samples and 
the reported values were not blank-corrected. Levels of PeCB and PCB#1 and #3 in the blanks 
were sometimes within the same order of magnitude as those in exposed samples and thus were 
excluded from further interpretation. 
3.3 Results and discussion 
3.3.1 Inner- and inter-study data validation  
Reproducibility. Duplicated samplers deployed at sampling site UR4 agreed with an RSD of 
less than 15% for most analytes (SI Table S3), indicating good reproducibility with regard to 
sampler deployment and sample analysis. 
Comparison between air concentrations obtained from this study and the ones from 
GAPS network. Within the GAPS network, XAD-PAS (using mesh cylinders 20 centimetres 
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long and thus with a surface area of 125 cm2) were deployed annually from 2005 to 2008 at 
site BA4 (Cape Grim) and SUR (Darwin) and were analysed for a range of OCPs 
(Shunthirasingham et al., 2010b). The reported data are compared with the ones from this 
study (SI Figure S2, pg sampler-1 day-1, normalised to a 10-cm length (62.5-cm2 surface area) 
base). For frequently-detected OCPs, levels measured in this study are within the same order 
of magnitude as the reported data from 2005 to 2008 and agreed with an RSD of 2% – 25% 
(between the levels measured in this study and the ones averaged from 2005 to 2008), 
indicating that no major bias is caused during sampler deployment and sample analysis in this 
study. 
Comparison between air concentrations obtained from AAS and XAD-PAS. Monthly 
concentrations of atmospheric PCBs and OCPs derived from AAS throughout the year of 2012 
at site SUR were averaged to obtain the annual mean concentrations and Figure 3.2 compares 
the logarithm of the annual mean concentrations of PCBs and OCPs at site SUR determined by 
XAD-PAS and AAS (data are also shown in SI Table S4). Although the concentrations derived 
from AAS were a combination of vapour phase and particle-associated phase, considering that 
XAD-PAS are not believed to sample particles to any significant extent and site SUR is a 
tropical background sampling site, where most of the interested chemicals in this study are 
assumed to be distributed mainly in the vapour phase (Bidleman, 1988), this concentration 
comparison suggests the absence of major bias. 
 
Figure 3.2. Comparison between annually averaged concentrations of PCBs (left panel) and 
OCPs (right panel) derived from the mean of 12 monthly active air samples (CAAS, pg m-3) 
and one annual passive air sample XAD-PAS (CPAS, pg m-3) at site SUR in Darwin, NT 
Page 68 of 286 
 
CAAS and CPAS for the measured PCBs and OCPs (Figure 3.2 and SI Table S4) agreed with a 
mean RSD of 16%. Discrepancies between CPAS and CAAS for OCPs appeared to be random 
rather than systematic. The PCB data may suggest that the R of 0.55 m3 day-1 resulted in CPAS 
for the lower chlorinated congeners that were somewhat higher than the CAAS (i.e. the R values 
might be slightly underestimated for these congeners). Overall this comparison supports the 
use of these sampling rates for estimation of PCB and OCP concentrations in this study. 
3.3.2 Atmospheric concentrations and profiles and spatial distribution of PCBs in Australia 
Concentrations of the ten PCB congeners that were detected in more than 50% of the samples 
are shown in Table 3.2; data for other congeners are presented in the SI (Tables S5&6). Overall, 
the mean and median concentration of the sum of PCB congeners (∑ PCBs, non-detectable 
ones excluded) in air was 21 and 8.9 pg m-3. Similar atmospheric PCB level (20 pg m-3, sum 
of congeners from di- to deca-) in Australia (at Cape Grim) was also reported by Genualdi et 
al. in a three-month period sampling campaign in 2009, using sorbent-impregnated 
polyurethane foam (SIP) disk PAS (Genualdi et al., 2010). The concentrations varied by more 
than 2 orders of magnitude, from below 1.0 pg m-3 at some of the background sites to between 
39 and 72 pg m-3 at the urban sites. The congeners measured at the highest median 
concentrations were #52 and #28 (1.5 and 1.2 pg m-3 respectively) and in 13 out of 16 samples 
either of these two congeners had the highest concentration. 
PCBs were consistently detected in higher concentrations at all urban sites (see Figure 3.3 and 
shaded values in Table 3.2 which represented values ≥3×median) with the highest 
concentration for most congeners and for ∑ PCBs measured at UR3 (Homebush Bay, NSW), 
compared to PCBs at background and agricultural sites were consistently low with only very 
few random exceptions (i.e. lighter congeners at AG1 and PCB#70 at AG2) (significantly at P 
< 0.05 for ∑ PCBs). This trend is consistent with other studies reporting higher urban PCB 
levels, e.g. in Asia (Jaward et al., 2005), North America (Motelay-Massei et al., 2005) and the 
UK (Jaward et al., 2004). 
Congeners with 8 or more chlorines were not detected at any of the sites (SI Tables S5&6) and 
the combined contribution of the hexa- and hepta-chlorinated congeners was never higher than 
7.0% at any sites. However, a marginally higher contribution of hexa- and hepta- congeners 
was still observed at semi-urban and urban sites (3.0% – 7.0%, mean 5.5%), compared to 
background (<5.0%, mean 2.6%) and agricultural (<6.0%, mean 2.2%) sites. These congeners 
have a lower potential of atmospheric transport, i.e. they are more likely to remain within, or 
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in the vicinity of, source regions (Choi et al., 2008). The above trend thus indicates that 
Australian urban areas are a source for atmospheric PCBs, as had previously been observed for 
urban areas in Switzerland (Gasic et al., 2009), Asia (Jaward et al., 2005), North America (Shen 
et al., 2006) and Argentina (Tombesi et al., 2014), most likely due to PCB emissions from 
existing and disposed electrical equipment (Gasic et al., 2009). 
Only a few dioxin-like PCBs (dl-PCBs) (3 out of 12 congeners including #118, #105 and #156) 
were detected and typically the concentrations were very low (SI Tables S5&6). The sum of 
detectable dl-PCBs contributed at most 7.0% to ∑ PCBs at each sampling site. This fraction 
also showed a slight remote/urban trend: <5.9% at background sites, <4.6% at agricultural sites 
and 1.5% – 7.0% at semi-urban and urban sites, although the difference between each other 
was insignificant (t-test, P > 0.05). WHO 2005 toxic equivalency factors (TEFs) (Van den Berg 
et al., 2006) were used to calculate the dioxin toxic equivalent concentration (TEQ) for dl-
PCBs at each sampling site. As shown in Table 3.2, a clear trend was again found with ∑dl-
PCBs increasing from background (<0.0096 fg TEQ m-3) to agricultural (<0.021 fg TEQ m-3) 
and to semi-urban and urban sites (0.017 – 0.24 fg TEQ m-3), although a statistically 
significance cannot be observed (P > 0.05). 
When compared with other countries (SI Table S9), the concentrations of atmospheric PCBs 
at Australian background sites are among the lowest. Similarly, concentrations at urban sites 
are consistently very low when compared to data from other industrialised nations in the NH 
(SI Table S10). 
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Table 3.2.  Concentrations of atmospheric PCBs (pg m-3), dl-PCB TEQ (fg m-3), OCPs (pg m-3) and isomer ratios for specific pesticides at each sampling site  
Sampling site BA1 BA2 BA3 BA4 BA5 AG1 AG2 AG3 AG4 AG5 SUR UR1 UR2 UR3 UR4-1 UR4-2 Median 
State QLD NT NT TAS VIC QLD VIC NSW SA WA NT QLD NSW NSW SA SA  
PCB#4/10 0.43 ND ND ND 0.78 11 0.91 ND 0.73 ND ND 7.4 4.3 6.1 8.9 7.8 0.76 
PCB#28 ND 0.49 0.65 ND 1.1 4.1 1.3 ND 0.58 0.46 1.7 5.4 4.2 5.9 10 7.5 1.2 
PCB#37 ND ND 0.23 0.36 0.39 0.25 0.51 ND ND 0.19 0.30 1.1 0.93 1.1 2.1 1.3 0.33 
PCB#44 ND ND 0.38 ND 0.48 0.72 1.5 0.26 ND ND 0.65 2.9 2.7 6.6 3.9 3.2 0.57 
PCB#49 ND ND 0.60 ND 0.33 0.73 1.2 ND 0.54 0.29 1.1 2.1 2.2 6.7 3.2 2.7 0.67 
PCB#52 0.34 ND 0.88 1.7 0.86 1.4 3.6 0.55 0.93 0.43 1.5 4.6 5.4 13 7.6 6.1 1.5 
PCB#70 ND ND 0.35 0.99 0.51 0.29 2.6 0.33 0.46 ND 1.2 3.2 4.4 5.7 4.7 4.1 0.75 
PCB#101 0.15 0.13 ND 0.85 0.45 ND 1.3 0.31 0.40 0.26 1.2 2.6 2.6 6.7 3.5 3.0 0.65 
PCB#110 ND 0.11 0.13 0.53 0.31 ND 0.62 0.20 ND ND 1.0 2.2 1.8 4.7 2.8 2.5 0.42 
PCB#153 ND ND 0.11 0.25 0.19 ND 0.33 ND ND 0.12 ND 1.3 1.2 2.0 1.8 1.7 0.16 
∑PCBs 0.92 0.73 3.8 5.4 6.8 25 15 1.7 3.6 2.2 11 39 39 72 59 50 8.9 
TEQ of ∑ dl-PCBs NA NA NA 0.0096 0.0076 NA 0.021 NA NA NA 0.020 0.017 0.24 0.11 0.081 0.055 0.0086 
HCB 32 33 41 67 45 18 41 37 41 37 39 72 42 75 96 81 41 
α-HCH 0.49 ND ND ND 0.34 ND 0.38 ND 0.28 ND 0.28 0.98 ND 0.74 0.52 0.43 0.28 
γ-HCH 0.36 ND ND 0.70 ND ND 0.74 ND 4.0 ND 1.8 3.5 3.0 4.2 6.2 5.4 0.72 
HEPT 4.4 1.2 0.65 0.79 1.8 2.0 180 6.9 4.6 0.47 10 62 210 160 130 120 5.7 
HEPX 1.1 ND ND ND 0.92 0.26 1.9 2.2 0.54 ND 1.8 14 22 33 6.5 6.6 1.4 
Dieldrin 6.8 ND 1.2 2.8 6.2 2.1 8.1 15 4.9 78 24 99 140 160 110 97 12 
TC 2.0 1.1 0.54 0.63 2.4 0.65 9.6 14 5.3 0.94 15 35 110 130 120 110 7.5 
CC 0.63 ND 0.29 0.54 1.6 0.23 2.5 2.8 1.8 0.96 9.6 11 35 43 59 51 2.2 
α-endosulfan 3.6 4.3 5.7 8.8 ND 2.2 12 9.0 27 19 9.5 17 4.2 ND 20 20 8.9 
o,p’-DDE ND ND ND ND 0.77 ND 0.55 0.28 0.30 19 ND 0.27 ND 1.8 0.45 0.45 0.28 
p,p’-DDE 0.26 ND 0.15 0.59 2.8 0.31 3.9 3.9 7.5 120 0.50 5.4 4.2 18 7.1 6.2 3.9 
p,p’-DDT ND ND ND ND ND 0.19 0.55 0.47 0.70 7.0 0.52 5.3 2.9 3.3 ND 2.1 0.49 
Mirex ND ND 0.11 0.091 0.77 0.10 0.058 0.073 ND 0.12 0.64 ND 0.43 0.31 ND ND 0.082 
TC/CC 3.1 NA 1.8 1.2 1.6 2.8 3.9 4.9 2.9 0.97 1.6 3.0 3.3 2.9 2.1 2.1  
p,p’-DDT/p,p’-DDE NA NA NA NA NA 0.61 0.14 0.12 0.093 0.057 1.0 0.99 0.69 0.19 NA 0.34  
a-HCH/r-HCH 1.4 NA NA NA NA NA 0.51 NA 0.070 NA 0.15 0.28 NA 0.18 0.085 0.080  
The value with a shade means ≥3×median value and further with a border if ≥10×median value was measured
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Figure 3.3. Box-and-whisker plot of concentrations of ∑ PCBs and selected OCPs (pg m-3) in 
air at sites with different land uses. The line and ‘+’ within the box is plotted at the median and 
mean respectively and the top and bottom whiskers represent 99% and 1% of these data 
respectively 
3.3.3 Atmospheric concentrations and spatial distribution of OCPs in Australia 
Concentrations of the thirteen OCPs that were detected in more than 50% of the samples are 
shown in Table 3.2; data for other OCPs are presented in SI Tables S7&8. Higher 
concentrations of OCPs were measured mostly at urban sites (Table 3.2 and Figure 3.3), 
although exceptions to this trend will be discussed below for DDTs and α-endosulfan (α-ES). 
HCB, heptachlor (HEPT) and trans-chlordane (TC) were detected in samples from all 15 sites. 
In terms of median values, HCB was the most abundant at 41 pg m-3, followed by dieldrin (12 
pg m-3), α-ES (8.9 pg m-3), TC (7.5 pg m-3), HEPT (5.7 pg m-3) and p,p’-DDE (3.9 pg m-3) 
(Table 3.2). International comparison (SI Tables S11-13) showed that concentrations of HEPT, 
chlordanes and dieldrin in Australian air are among the highest values (especially for the urban 
sites), whereas concentrations of DDTs, HCHs and endosulfans in Australian air are among 
the lowest, reflecting mainly different historical usage of these banned chemicals in Australia. 
Page 72 of 286 
 
HCB. HCB was first introduced in 1930s as a fungicide and widely used afterwards. It has 
been banned in most application in Australia since 1972 (Barber et al., 2005). The median HCB 
concentration of 41 pg m-3 (mean 50, range 18 – 96 pg m-3) measured in this study is 
considerably higher than a median value for HCB in the atmosphere of the Southern 
Hemisphere (SH) of 11 pg m-3, estimated from 228 data points from a range of studies 
conducted outside Australia between 1996 and 2008 (Shunthirasingham et al., 2011). This 
discrepancy indicates the existence of potential sources of atmospheric HCB in Australia. 
Similar atmospheric HCB level (43 pg m-3) in Australia (at Cape Grim) was also measured by 
Koblizkova et al. in a three-month period sampling campaign in 2009, using SIP disk PAS 
(Koblizkova et al., 2012). 
Pesticide applications, manufacturing and combustion were estimated to contribute 28 %, 41 
% and 31 % of HCB to the atmosphere respectively in the mid-1990s (Bailey, 2001). 
Considering that application and manufacturing of HCB have been banned in most countries, 
combustion process (i.e. re-emission/formation from secondary sources during the thermal 
process) should now make the dominant contribution (although it can still be released as a by-
product or impurity during the process of manufacturing chlorinated solvents, aromatics and 
pesticides (Barber et al., 2005)). Australia’s mostly hot and dry climate favours frequent and 
wide-ranging bushfires. These fires are deemed to be the dominant emission sources for many 
pollutants in Australia, such as carbon monoxide (contribution to 80% of national level), 
nitrogen oxides (42%), VOCs (58%) (Meyer et al., 2004) and dioxins (Black et al., 2011, 2012). 
Although the correlation between bushfires and HCB emissions has to our best knowledge not 
yet been established in Australia, elevated concentrations of HCB in air have been measured 
during forest and/or agricultural fire events in the USA (Primbs et al., 2008). Therefore, 
bushfires may be one of the key contributors to the elevated concentrations (relative to the rest 
of the SH) of atmospheric HCB in Australia. 
HCB was the most uniformly distributed compound among the OCPs (Figure 3.3), i.e. with the 
lowest coefficient of variation and the lowest ratio of highest to lowest concentration (H/L) at 
~5. This result is consistent with a high degree of uniformity in HCB concentrations measured 
at the global scale (Shunthirasingham et al., 2010b) and at the continental scale in Europe 
(Jaward et al., 2004), Asia with the exception of China (Jaward et al., 2005; Liu et al., 2009), 
North America (Shen et al., 2005) and some countries in the SH (Daly et al., 2007; 
Shunthirasingham et al., 2010a). This is the result of HCB’s long atmospheric residence time 
and thus travel distance (Beyer et al., 2000), which is due to inefficient precipitation scavenging 
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(high KAW), very limited association with atmospheric particles (relatively low KOA (Shen and 
Wania, 2005)) and a long degradation half-life in the atmosphere (Barber et al., 2005). 
HEPT, chlordanes and dieldrin. These compounds were mostly used to control termites in 
Australia until the mid-1990s (Kookana et al., 1998; Radcliff, 2002). As seen in Table 3.2 and 
Figure 3.3, a clear increasing trend was found for them from background to agricultural and 
semi-urban and urban sites (viz. concentrations at urban sites were significantly higher (t-test, 
P < 0.05)).  
In environmental reservoirs such as soils, HEPT can be metabolised into heptachlor epoxide 
(HEPX), which is more stable, and both can be re-volatilised into atmosphere (Bidleman et al., 
1998). Whereas the concentration of HEPX was typically higher than HEPT in air samples 
from Greenland (Bossi et al., 2013), South Korea (Yeo et al., 2003), France and North America 
(Shunthirasingham et al., 2010b). This was not the case in this study: at all sites, the 
concentration of HEPT in air was higher than HEPX (on average the concentration of HEPT 
was 10 times higher than that of HEPX). Possible explanations could be 1) that legacy HEPT 
in reservoirs such as soils had not deteriorated enough and HEPT could volatilise relatively 
easily compared to HEPX (Bidleman et al., 1998) and/or 2) recent/ongoing emissions of HEPT 
to the air, as also suggested by Tombesi et al. (Tombesi et al., 2014) in a case study in 
Argentina. Overall, however, the mean air concentration of HEPT in urban areas in this study 
was measured one order of magnitude lower compared to 1992/93 (Beard et al., 1995), which 
reflected the effort of reducing/eliminating HEPT use over the last decades in Australia. 
Technical chlordane contains the major components TC and cis-chlordane (CC) at a ratio of 
about 1.2 (Bidleman et al., 2002). A value exceeding 1.2 is considered as an indication of close 
vicinity to source areas because TC has a higher vapour pressure than CC (Shen and Wania, 
2005). For instance, a higher ratio was found at some sites in India and Argentina, indicating 
proximity to potential sources (Chakraborty et al., 2010; Tombesi et al., 2014). On the other 
hand, a lower ratio in air implies the impact from long-range atmospheric transport (LRAT) 
because TC is more likely to be photo-degraded during atmospheric transport (Bidleman et al., 
2002). A lower ratio has indeed been reported in polar regions (Baek et al., 2011; 
Shunthirasingham et al., 2010b), where LRAT is believed to be the only source of chlordane. 
In this study, the TC/CC ratio was between 0.97 and 4.9 (Table 3.2) (averaged at 2.5). A low 
ratio (≤1.2) was found at sites BA4 and AG5, indicating the influence of weathered chlordane 
sources from LRAT. At the other sampling sites including all urban sites, on the other hand, 
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local sources (most likely the evaporation from formerly contaminated soils (Shunthirasingham 
et al., 2010b)) influenced the air concentration of chlordanes.  
The above trends and ratios indicate that the major use of these chemicals in Australia was 
population-related (i.e. termite control) and that local source(s) (presumably secondary ones) 
rather than LRAT dominate their concentrations in Australian air. 
DDT and its metabolites. To our best knowledge, DDT has been banned for general use in 
Australia since 1987 (Radcliff, 2002). p,p’-DDE was detected in 15 out of 16 samples and p,p’-
DDT and o,p’-DDE were detectable in 10 and 9 samples, respectively (Table 3.2). Other DDT-
related compounds were detected in only a few samples.  
With the exception of AG5 (Kununurra), where the concentration of p,p’-DDE was extremely 
high (120 pg m-3) (and the concentration of o,p’-DDE, p,p’-DDT and o,p’-DDT was also the 
highest among all the sites respectively, as shown in SI Table S8) and thus suggested the 
presence of a local source, we found again a trend with low concentrations at background (<6.3 
pg m-3) and agricultural sites (0.50 – 9.2 pg m-3) and consistently higher concentrations at semi-
urban and urban sites (1.3 – 39 pg m-3) (Figure 3.3). However, this difference was not 
significant between sites with different land uses (P > 0.05).  
In the environment, p,p’-DDT can be converted to p,p’-DDE and the ratio of DDT/DDE is used 
to distinguish fresh input (>1.0) from emission of aged residues (<1.0) (Pozo et al., 2009). In 
this study, the ratio of p,p’-DDT/p,p’-DDE was always lower than or equal to 1.0 (Table 3.2), 
indicating emissions from historical use.  
HCHs. HCHs were widely used in Australia for agricultural purposes from the 1950s onwards 
and were deregistered in 1985-1987 (both for technical HCH and lindane) (Lindane Education 
And Research Network Web site, accessed July 10, 2014), although lindane was exempted to 
be used to treat symphylids in pineapples in Queensland until June 2012 and was also available 
for use for the control of head lice and scabies as a human health pharmaceutical only and 
ceased in Australia several years ago. The α- and γ-isomers were detected in 9 of 16 and 10 of 
16 samples respectively while the β- and δ-isomers were not detected in most samples. Whereas 
α- and γ-HCH were detected at all semi-urban and urban sites (the only exception was α-HCH 
at UR2), they were detected at only a few sites categorized as background or agricultural. The 
concentrations of ∑ HCHs (sum of α-, β-, γ- and δ-) showed a gradient from background (<1.4 
pg m-3) to agricultural (<4.3 pg m-3) and to semi-urban and urban sites (2.1 – 6.7 pg m-3) (Figure 
3.3; the difference is significant at P < 0.05 between background and urban sites), in agreement 
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with what had been found in some other studies (Alegria et al., 2008; Pozo et al., 2012; Tombesi 
et al., 2014). 
As shown in Table 3.2, the α-HCH/γ-HCH concentration ratio ranged from 0.070 to 1.4 at 
different sites, which is much lower than the ratio in technical HCH (5 to 7) (Li et al., 2000), 
reflecting its insignificant use in Australia. 
Endosulfans. Endosulfan has been widely used in Australia for the control of some insects and 
mites in crops (APVMA, 2005), especially on cotton (APVMA, 2005; Radcliff, 2002). 
However, transgenic Bt cotton, containing bacterium Bacillus thuringiensis which naturally 
produces chemicals harmful to selective insects, was commercially released in Australia in 
1996/97 and 40% of total cotton area has been sown with Bt cotton by 2004/05. Furthermore, 
a removal of caps for BT cotton acreage helped to increase this number to 70% (Murray, 2005) 
from then. Therefore, although the registration of endosulfan in Australia was not cancelled 
until October 2010 (APVMA, 2010), the use of endosulfans in Australia was likely already 
reduced effectively between 1996/97 and 2004/05. Although Australian cotton production is 
mainly located in NSW (66%) and QLD (34%) (CottonAustralia, 2012), α-ES concentrations 
in air sampled at agricultural sites in these two states (AG1 and AG3) were lower than or equal 
to the overall median value. This result thus suggests that in 2012 primary sources were not the 
main contributing factor to the concentrations of endosulfan in Australian air, but rather historic 
use of endosulfan locally and/or LRAT. 
Technical grade endosulfan contains α- and β-isomers in the approximate ratio of 2.0~2.3. The 
higher ratio of α-ES/β-ES in the air samples could indicate LRAT of endosulfan to the sampling 
sites due to the significant loss of β-ES during atmospheric transport (Shunthirasingham et al., 
2010b). Unfortunately, due to the lack of detection for β-ES in this study, this ratio was mostly 
unavailable for these sampling sites. The only site where β-ES was detected was UR4-2 and 
the ratio of α-ES/β-ES was 6.7, supporting LRAT. 
Mirex. Concentrations of mirex were consistently very low (Table 3.2). It is noteworthy that 
mirex was detected with a higher concentration at site SUR (Darwin), where products 
containing mirex were used for control of giant termites under a specific agreement within the 
Stockholm treaty in Australia (APVMA Web site, accessed Feb 4, 2014) until January 2007. 
However it was also found with relative higher concentration for example on site BA5 (Philip 
Island) and selected other sites, suggesting that low levels of mirex persist in air throughout 
Australia. 
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Chapter 4: Changes in atmospheric concentrations and profiles of selected SVOCs over 
the last two decades and the role of open-field biomass burning as a source 
The previous chapter discussed potential sources of various SVOCs in ambient air in 
Australia, through interpretation of the data for spatial trends of these chemicals. In Chapter 
4, the temporal trends of selected SVOCs in air over a longer timespan are determined and 
discussed. This long-term monitoring is a key tool not only for assessing the effectiveness of 
pollutant emission regulations, but also for understanding the contributions and changes in 
these of relevant emission sources. By re-initiating the monitoring at two sampling sites in an 
Australian city after two decades, long-term trends of PAH and PCB concentrations are 
assessed in this chapter. Chapter 4 also evaluates the contributions to the overall PAH and 
PCB concentrations from different emission sources including bushfires/wildfires using 
additional samples from different emission sources and applying various analytical 
techniques to interpret these data. The findings in this chapter contribute to our understanding 
of the relative contribution of bushfires/wildfires to atmospheric concentrations of these 
chemicals including changes in this contribution over time. 
 
The following publication is incorporated as Chapter 4: 
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Changes in atmospheric concentrations of polycyclic aromatic hydrocarbons and 
polychlorinated biphenyls between the 1990s and 2010s in an Australian city and the role of 
bushfires as a source. Environmental Pollution 213, 223-231. 
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Abstract 
Over recent decades, efforts have been made to reduce human exposure to atmospheric 
pollutants including polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls 
(PCBs) through emission control and abatement. Along with the potential changes in their 
concentrations resulting from these efforts, profiles of emission sources may have also 
changed over such extended timeframes. However relevant data are quite limited in the 
Southern Hemisphere. We revisited two sampling sites in an Australian city, where the 
concentration data in 1994/5 for atmospheric PAHs and PCBs were available. Monthly air 
samples from July 2013 to June 2014 at the two sites were collected and analysed for these 
compounds, using similar protocols to the original study. A prominent seasonal pattern was 
observed for PAHs with elevated concentrations in cooler months whereas PCB levels 
showed little seasonal variation. Compared to two decades ago, atmospheric concentrations 
of ∑13 PAHs (gaseous + particle-associated) in this city have decreased by approximately one 
order of magnitude and the apparent halving time (𝑡𝑡1 2⁄ ) was estimated as 6.2 ± 0.6 years. ∑6 
iPCBs concentrations (median value; gaseous + particle-associated) have decreased by 80% 
with an estimated 𝑡𝑡1 2⁄  of 11 ± 3 years. These trends and values are similar to those reported 
for comparable sites in the Northern Hemisphere. To characterise emission source profiles, 
samples were also collected from a bushfire event and within a vehicular tunnel. Emissions 
from bushfires are suggested to be an important contributor to the current atmospheric 
concentrations of PAHs in this city. This contribution is more important in cooler months, i.e. 
June, July and August, and its importance may have increased over the last two decades. 
Capsule 
PAH and PCB concentrations have decreased significantly compared to 2 decades ago and 
the contribution of bushfires to PAH concentrations has increased with time. 
Key words 
Polycyclic aromatic hydrocarbons; Polychlorinated biphenyls; Seasonal variation; Temporal 
change; Emission source profile.
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4.1 Introduction 
Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) are semi-
volatile organic chemicals (SVOCs) and important pollutants because they are relatively 
persistent, toxic and have been associated with human health risks (IARC, 2015). Over recent 
decades, efforts have been made at eliminating or reducing release of and human exposure to 
these chemicals. Such efforts include banning manufacture and uses (of PCBs) and 
implementing controls of emissions from sources such as industries, combustion engines, 
automobile and fuels (for PAHs) (Dimashki et al., 2001; Sun et al., 2006). 
The atmosphere is a major route for human exposure to these pollutants both via direct 
inhalation (e.g. PAHs) and also by introducing them into the food chain (e.g. PCBs). 
Monitoring levels of PAHs and PCBs and their long-term temporal trends in the air are key 
tools for assessing the effectiveness of pollutant emission regulations (Hung et al., 2013; 
Klánová and Harner, 2013; Melymuk et al., 2014; UNEP, 2007). Thus a range of programs 
have been established around the world for the purpose of monitoring such air pollutants, 
including the Integrated Atmospheric Deposition Network (IADN) in the Laurentian Great 
Lakes Region (Buehler and Hites, 2002), the Toxic Organic Micropollutants Program 
(TOMPs) in the UK (FRA, 1991; Meijer et al., 2008), the Arctic Monitoring and Assessment 
Programme (AMAP) (AMAP, 2010; Hung et al., 2010) and the European Monitoring and 
Evaluation Programme (EMEP) (EMEP, 1983; Halse et al., 2011).  
However, to the best of our knowledge, limited data are available for systematically 
investigating long-term (i.e. decadal) changes in levels of atmospheric SVOCs in the 
Southern Hemisphere. Programs such as the Global Atmospheric Passive Sampling (GAPS) 
network (Environment Canada, 2004; Pozo et al., 2006) and Monitoring Network (MONET) 
in Africa (Holoubek et al., 2011; RECETOX, 2015) are valuable but rely mainly on passive 
sampling techniques. Available passive sampling devices are either limited to chemicals that 
occur primarily in the gas phase (e.g. XAD-based ones) or have uncertain applicability for 
particle-associated compounds (e.g. polyurethane foam (PUF)-based ones) (Melymuk et al., 
2014). However for PAHs for example, the main focus is often on higher molecular weight 
compounds such as benzo[a]pyrene (BaP) that are more potent in terms of genotoxicity 
(IARC, 2015) and primarily associated with particles. 
Along with the implementation of elimination/abatement strategies and thus potential 
changes in the concentrations of these chemicals over extended timeframes, emission source 
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profiles may have also changed. For example in Australia over the last few decades, efforts 
have been made at reducing PAH emissions from vehicles by setting emission standards for 
diesels and mandating the installation of catalytic converters on light petrol vehicles (DIRD, 
2015). As a result, estimated annual emissions of ∑16 PAHs from motor vehicles have 
decreased from 740 tons in 1990 to 100 tons in 2010 (Shen et al., 2011). Other initiatives 
include reducing emissions from residential biomass burning by regulating the use of stoves 
for such purposes since the 1990s (e.g. Environmental Protection Act 1994 (Australian 
Government, 2015)). 
However, over the last 20 years, emissions from another important potential source for PAHs 
in Australia, namely large-scale wildfires (bushfires) (Freeman and Cattell, 1990), are likely 
to have remained relatively constant. One piece of evidence for this is that the annual 
estimated burning areas in Australia have changed relatively little within this timespan 
(AFPA, 2014). Provided that other sources have been successfully regulated, bushfires may 
have become a relatively more important source for PAH emissions. Indeed, it has been 
estimated that in 2007, 31% of PAH emissions could be attributed to contributions from 
wildfires in Oceania (Shen et al., 2013). However, direct evidence for this increasing 
contribution based on field data is scarce in Australia. 
PCBs were never manufactured in Australia and importation ceased in 1975 (DoE, Australian 
Government, 2014). Analyses have subsequently shown concentrations in Australian air to be 
low by world standards (Gras et al., 2004). Bushfires have been estimated as one potentially 
important emission source of PCBs (Eckhardt et al., 2007), during which the temperature of 
on-site soil/plant can be elevated significantly and thus a strong (re)volatilisation is 
supported. However, relevant data are few in Australia (Black et al., 2012; Meyer et al., 
2004). 
One of the first published studies on levels of PAHs and PCBs in Australian air was 
conducted in 1994 – 1995 at seven sites in Brisbane (Mueller, 1997; Mueller et al., 1998). 
Since then a limited numbers of other studies have been carried out (Bartkow et al., 2004; 
Gras et al., 2004; Kennedy et al., 2010; Lim et al., 2005). However no systematic effort has 
been made to assess long-term changes of levels of these SVOCs and changes of related 
source profiles in Australian air. 
Therefore, this study aimed to address this gap by i) determining current monthly and 
seasonal variations in atmospheric concentrations of PAHs and PCBs in Brisbane, ii) 
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evaluating the changes in their concentrations and profiles after two decades and iii) 
assessing the current contribution of bushfire emissions to the atmospheric concentrations of 
PAHs and PCBs and whether this has changed over the last two decades. 
4.2 Materials and methods 
4.2.1 Sampling sites and protocol 
Ambient air sample collection. Monthly air samples were collected from July 2013 to June 
2014 by revisiting two sampling sites in the 1994/5 study (Mueller, 1997; Mueller et al., 
1998) in Brisbane, which has a subtropical climate with hot summers and moderately warm 
winters. As seen in Figure 4.1, one site (Site Gri, 27°33’12” S, 153°03’15” E) is 
approximately 100 m a.s.l. in a forest reserve at Griffith University, about 8 km from the city 
centre. A bus-only stop is located 100 m to the south of this site. A relatively small traffic 
volume of approximately 200 compressed natural gas powered buses per day on average was 
estimated during the sampling period (http://translink.com.au/). The closest busy roads are 
600 m to the south and over 1000 m to the east. Therefore Site Gri may be characterised as a 
city background site with limited direct impacts from vehicle emissions. There are no known 
point sources for PCBs around Site Gri. The other site (Site WG, 27°29’50” S, 153°02’10” E) 
is located 10 m from an intersection with traffic lights on a busy multi-lane road and opposite 
a carpark near to the city centre in the suburb of Woolloongabba. A traffic volume of 
approximately 53,000 vehicles daily was recorded in 2014 (BCC, 2014) for the road. This 
ground-level site was chosen to reflect the direct impact from vehicular emissions for PAHs, 
enabling comparison with Site Gri. 
Self-designed active air samplers were used with a sampling rate of approximate 4 m3 h-1, 
similar to the one typically used during the 1994/5 study (Mueller, 1997). The sampling 
volume was recorded using a gas meter connected to the outflow of the pump. The particle-
associated fraction of the samples was collected on a glass fibre filter (GFF) (Whatman™, 90 
mm Ø, grade GF/A), followed by a cartridge containing 10 g of XAD-2 (styrene-
divinylbenzene copolymer, Supelco®, 90 Å mean pore size) to collect chemicals in the gas 
phase.  
Bushfire emission sample collection. To obtain the emission profiles of PAHs and PCBs 
from bushfires, a series of samples were collected during a controlled burn event in August 
2013 in Brisbane. A sampling site was established within 20 m of the fire. Air samples were 
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collected at the site prior to and during the actual burn event as well as during subsequent 
smoldering and when the fire was extinguished. 
A high-volume air sampler (Kimoto Electric Co., LTD.) was used with a typical sampling 
rate of 60 m3 h-1. Particle-associated and gaseous chemicals were collected on a GFF 
(Whatman™, 203×254 mm, grade GF/A) and a subsequent PUF plug (90 mm diameter and 
40 mm thickness) respectively. The sampler was calibrated using an orifice plate prior to the 
sampling campaign and the sampling volume was calculated based on the calibrated sampling 
rate and sampling duration. A bypass gas meter installed on the sampler was used to monitor 
any anomalous fluctuation of the sampling rate during the collection. 
Tunnel sample collection. An air sample was collected from a traffic tunnel in Brisbane to 
obtain emission profiles for PAHs directly related to vehicle exhaust. The sample was taken 
using a portable air sampler (SAICI Technology Co., LTD., LSAM-100) operating at 0.14 m3 
h-1 in one of the ventilation outlets of the tunnel from 25th August to 2nd September 2014. An 
average traffic volume of approximately 14,000 vehicles per day was estimated during the 
sampling period (DSITI, 2015). An XAD-2 cartridge (1 g) was used to trap chemicals 
(gaseous + particle-associated phases) and the flow rate was checked at the beginning and the 
end of the sampling period to ensure its constancy. 
Detailed information related to sample collection is provided as S1 in the Supplementary 
Information (SI). 
 
Figure 4.1. Map showing sampling Sites Gri and WG 
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4.2.2 Chemical analysis 
The collected GFFs, XAD and PUFs were extracted separately using an Accelerated Solvent 
Extractor (ASE, Thermo Scientific™ Dionex™ ASE™ 350) after being spiked with a 
solution containing 7 deuterated PAHs and 18 13C12-PCB congeners at different levels as 
internal standards for quantification purposes (Table S2). Concentrated extracts were divided 
into three portions. The first portion (40% v/v) was cleaned up by neutral alumina and neutral 
silica for PAH analysis, the second (40% v/v) was cleaned up by neutral alumina and acid 
silica for PCB analysis and the third (20% v/v) was archived for future analytical 
investigations. Eluants were carefully blown down to near dryness and refilled with 250 pg of 
13C12-PCB 141 (in 25 µL isooctane) employed as the recovery/instrument standard for 
estimating the recoveries of the spiked internal standards and monitoring the performance of 
the analytical instrument. 
Samples were analysed using a Thermo Scientific™ TRACE™ 1310 gas chromatograph 
coupled to a Thermo Scientific™ DFS™ Magnetic Sector high resolution mass spectrometer 
(GC-HRMS). The HRMS was operated in electron impact-multiple ion detection (EI-MID) 
mode and resolution was set to ≥ 10,000 (10% valley definition). An isotopic dilution 
method, as also used in the 1994/5 study (Mueller, 1997), was used to quantify 13 PAH 
analytes and 18 PCB congeners comprising dioxin-like (dl-PCB) and indicator (iPCB) 
compounds (Table S2). Details are given as S2 in the SI. 
4.2.3 Quality assurance and quality control (QA/QC) 
Breakthrough test. Three cartridges containing half as much XAD as used in the actual 
sampling campaigns were connected in series and an air sample was collected at Site Gri 
during September 2013 for both of the self-designed active air samplers and LSAM-100 
(Figure S2). The duration of the sampling period and flow rate of the pumps were the same as 
those employed during the actual sampling campaigns. The three cartridges were then 
extracted and analysed separately. Breakthrough percentages for individual compounds were 
calculated by dividing the mass of compound collected on the back layer by the summed 
mass from all three layers. 
In addition, a solution of breakthrough standards containing 3 deuterated PAHs (2D10-Ant, 
2D10-Pyr and 2D14-DahA; 100 ng each) was spiked onto PUF plugs (and XAD cartridges) 
before each sampling event. These standards have vapour pressures (at 25 °C) ranging from 
7.8×10-2 Pa (2D10-Ant) (Odabasi et al., 2006) to 6.0×10-4 Pa (2D10-Pyr) (Mackay et al., 1997) 
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to 7.2×10-7 Pa (2D14-DahA) (Odabasi et al., 2006), consistent with the vapour pressure range 
of the compounds targeted within this study. Recoveries of these compounds were used to 
estimate the breakthrough percentage (if any) for chemicals collected on the PUF plugs (and 
XAD cartridges). Any significant (i.e. ≥ 15%) loss of the breakthrough standards indicated 
the need to take this into account in the quantification of relevant target compounds. 
The breakthrough percentage of chemicals was typically negligible (Table S3). During each 
sampling event, loss of the breakthrough standards from PUF plugs and XAD cartridges was 
also minimal, with the highest percentage observed approximately 10% for 2D10-Ant during 
an event in the 2013/4 summer period. 
QC samples and recoveries of internal standards in actual samples. Known amounts of 
target compounds were spiked onto replicated clean matrices (GFFs, XAD and PUFs; n = 5 
for each) and these spiked matrices were analysed as for the actual samples to estimate the 
reproducibility of the analytical protocols. Relative standard deviation (RSD) of the analytical 
results within these QC samples was less than 15% for most (90%) analytes (Table S3). 
Besides, recoveries of the internal standards within the actual samples were between 32% – 
150% and for 80% of the analytes ranged between 50% and 120% (Tables S4, S8 and S9). 
Blank samples and method detection limits (MDLs). Within each batch of samples 
analysed (typically 10 samples per batch), a solvent blank, a matrix blank and a field blank 
were incorporated to check for any contamination related to instruments, the sample 
preparation system and transportation and storage of samples. Within the solvent and matrix 
blank samples, none of the target compounds could be detected at levels > 1% of the typical 
levels found in any of the samples. Within the field blank samples, dl-PCB congeners could 
not be detected and for iPCB congeners and PAH compounds the levels were < 3% of the 
average level detected with actual samples. All the samples were nonetheless field blank 
corrected if data were available.  
MDLs were defined as the average field blank plus three times the standard deviation. If the 
relevant compounds could not be detected within the field blank samples, MDLs were 
determined based on half the instrument detection limits (IDLs). MDLs for PAH and PCB 
analytes were mostly lower than 10 pg m-3 and 10 fg m-3 respectively (Table S3). 
4.3 Results and discussion 
4.3.1 Concentrations of PAHs and PCBs and monthly/seasonal variations in 2013/4 
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Concentrations (expressed as annual mean ± SD) of ∑13 PAHs in the gaseous and particle-
associated phases were 2,100 ± 560 and 180 ± 110 pg m-3 respectively for Site Gri and 4,400 
± 770 and 770 ± 320 pg m-3 respectively for Site WG (see Table S4 for details). 3- and 4-ring 
PAHs dominated the ∑13 PAH concentration profiles in the gas phase samples, accounting for 
> 99% of those. In contrast, 5- and 6-ring PAHs contributed over 50% to the PAH levels 
measured in the particle-associated phase. In all the samples, Phe had the highest 
concentration among the gaseous PAHs, accounting for 51% – 72% of the summed 
concentration. Among the particle-associated PAHs, BeP had the highest concentration in 
most (> 80%) samples, accounting for 11% – 33% of the summed concentrations. Typically, 
levels of each compound (gaseous + particle-associated) showed a seasonal pattern with 
higher concentrations measured in cooler months/seasons. (As an example, the pattern for 
BaP is depicted in Figure 4.2(a)). A significant correlation (typically P < 0.0001) was 
observed between reciprocal temperature and concentration for all PAHs occurring 
predominantly in the particle phase (i.e. from BaA to BghiP) (data not shown).  
Concentrations (gaseous + particle-associated, annual mean ± SD) of ∑18 PCBs were 19,000 
± 4,400 and 22,000 ± 6,400 fg m-3 at Sites Gri and WG respectively with the concentration of 
∑6 iPCBs at Site WG 20,000 ± 6,400 fg m-3. The latter was similar to levels found in 2012 at 
the same site using XAD based passive air samplers (15,000 fg m-3) (Wang et al., 2015). 
Overall, PCB analytes were mainly found in the gas phase (> 90% for all congeners except 
for some hexa- and heptachlorinated congeners at Site WG in the cooler months of the year). 
Unlike the trend observed for PAHs, concentrations of PCB congeners seemed to lack a clear 
seasonal variation (Figure 4.2(b) and Table S4). This was different to the typical seasonal 
trend in temperate climate zones where higher concentrations are found in warm seasons (e.g. 
Diefenbacher et al., 2015).  
  
Page 93 of 286 
 
Figure 4.2. Monthly concentrations (gaseous + particle-associated) of (a) BaP and (b) ∑18 
PCBs at Sites Gri and WG and the monthly average temperature in Brisbane from July 2013 
to June 2014 
4.3.2 Changes in concentrations of PAHs and PCBs in Brisbane air over two decades  
Atmospheric concentrations of ∑13 PAHs and ∑6 iPCBs measured at Site Gri both 
significantly (t-test, P < 0.05) decreased over the last two decades. 
Compared to 1994/5 (Mueller, 1997), median concentrations of ∑13 PAHs (gaseous + 
particle-associated) at Site Gri in 2013/4 decreased by approximately one order of magnitude 
from 19,000 to 2,200 pg m-3 (Figure 4.3(a)). This trend was also evident for individual PAHs, 
with levels decreasing by factors ranging from 3.7 (BaA) to 13 (I123cdP) (Table S5). 
As shown in Figure 4.3(b), the median concentration of ∑6 iPCBs at this site decreased by 
80% (from 75,000 to 15,000 fg m-3) over these two decades with the trichlorobiphenyl 
congener PCB 28 achieving the greatest reduction (81%) (Table S5). Additionally, the 
concentration of ∑12 dl-PCBs at Site WG decreased by 81% compared to levels measured in 
2002/3 at a nearby site (Gras et al., 2004). 
  
Figure 4.3. Changes of atmospheric concentrations (gaseous + particle-associated) of (a) ∑13 
PAHs and (b) ∑6 iPCBs between 1994/5 and 2013/4 at Site Gri. (‘+’ denotes the mean value) 
The rate of decrease of PAH and PCB concentrations in air has previously been expressed as 
a halving time, estimated based on a model that assumes an exponential decrease in 
concentration with time (Meijer et al., 2008; Sun et al., 2006). In this work, the apparent 
halving time (𝑡𝑡1 2⁄ ; y) of an SVOC analyte in air was calculated from applying a first order 
decay model using PAH and PCB data (gaseous + particle-associated) collated from studies 
carried out at Site Gri or WG (Table S6) over the last two decades. Besides the current study, 
concentrations of atmospheric PAHs at Site Gri were available for most months in 1994/5 
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(based on samples collected for several days in specific months) and PCB data were available 
for March, May and June 1995 (Mueller, 1997). For Site WG, PAH concentration data were 
available for June to August 1994 (Mueller, 1997), April 2002 (Bartkow et al., 2004), 
January to February and July to August 2007 (Kennedy et al., 2010). 
Calculated 𝑡𝑡1 2⁄  values for ∑13 PAHs and ∑6 iPCBs as well as individual analytes are shown 
in Table S7. The halving time estimated for ∑13 PAHs in ambient air of both Brisbane sites is 
just over 6 years, similar to those reported for some other urban areas such as London 
(approximately 5 years) (Meijer et al., 2008) and Chicago (approximately 9 years) (Sun et al., 
2006). The halving time of ∑6 iPCBs in Brisbane air at Site Gri is estimated to be 11 ± 3 
years, similar to those reported for a range of sites across the Great Lakes (approximately 15 
years) (Salamova et al., 2013; Venier and Hites, 2010). 
4.3.3 Potential sources for PAHs and PCBs in Brisbane air 
Site comparison (2013/4). PAHs. Mean concentrations (gaseous + particle-associated) of 
each compound were consistently higher at Site WG (paired t test with P < 0.01). This is 
illustrated in Figure 4.2(a) for BaP. As mentioned, Site WG is located close to an intersection 
and a carpark where frequent acceleration, deceleration and cold-starts of vehicles may be 
expected. These operations have been considered to greatly increase PAH emissions (Baek et 
al., 1991). Therefore the significantly higher concentrations of PAHs at Site WG should 
reflect a major impact of traffic-related emission sources (Agudelo-Castañeda and Teixeira, 
2014; Daisey et al., 1986; Gunawardena et al., 2012; Lim et al., 1999; Nielsen, 1996; Shen et 
al., 2013). Furthermore, it is generally considered that emitted gaseous PAHs from such 
sources tend to firstly sorb onto pre-existing particles and then a considerable fraction of the 
relatively volatile compounds desorb from particles during their further transportation (Baek 
et al., 1991; Broddin et al., 1980; Thomas et al., 1968; Van Vaeck and Van Cauwenberghe, 
1984). A higher particle-bound fraction of medium sized PAHs such as BaA and Chr was 
observed at Site WG (69% – 92%, as compared to 16% – 62% at Site Gri), which again 
indicated that PAH concentrations measured at Site WG were impacted by adjacent fresh 
sources, i.e. vehicle exhaust.  
PCBs. Unlike PAHs, although levels of most PCB congeners were higher at Site WG, this 
difference was significant (paired t test, P < 0.01) only for a few congeners such as PCB 101, 
118 and 138. It has been concluded that city centre areas are important source regions for 
PCBs due to the presence of urban-characterising sources such as emissions from old 
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buildings and electrical capacitors (Gasic et al., 2009; Motelay-Massei et al., 2005; Wang et 
al., 2015). The similarity between the two sites suggested that emissions from the city centre 
area of Brisbane may not be the only source for atmospheric PCBs at Site Gri.  
Seasonal variation (2013/4). PAHs. To determine seasonal patterns, mean concentrations of 
each PAH analyte in cooler months (June, July and August) at Sites Gri and WG were 
compared to those in summer months (December, January and February). A higher ratio of 
Cwinter/Csummer was found for most compounds at Site Gri compared to WG (e.g. 9.1 vs 4.6 for 
BaP). Assuming that these two sites are subject to essentially the same meteorological 
conditions including seasonal variations, then this difference should result only from 
difference in source related contributions. As discussed previously, PAH levels measured at 
Site WG should be mainly related to emissions from vehicle exhaust and thus the seasonal 
variations may be attributed to factors such as an increased prevalence of cold starts of 
vehicle engines during cooler months. The consistently higher ratios of Cwinter/Csummer 
observed at Site Gri however suggests important contributions from sources other than 
traffic-related emissions that are also more important in winter. 
Residential/commercial heating has been predicted to account for 50% of total PAH 
emissions in Oceania (Shen et al., 2013), but it is unlikely that this source is of significant 
relevance in Brisbane. Mild winter temperatures (e.g. a mean temperature of 17 ℃ was 
recorded for winter in 2013/4) show that domestic heating is rarely required. Furthermore, a 
dominant proportion of this limited activity is associated with electrical and natural gas 
fuelled heating rather than wood combustion (ABS, 2012a, b), due to the regulation of the use 
of stoves for residential biomass burning (Australian Government, 2015).  
Long-range atmospheric transport (LRAT) of contaminated air masses is another potential 
source for atmospheric PAHs. Daily back trajectory of air masses (Draxler and Rolph, 2014) 
were modelled and integrated for summer and cooler months respectively and shown in 
Figure 4.4. A larger proportion of air masses originated from inland areas during cooler 
months of the year, compared to warmer months when air masses typically originated from 
over the ocean. Throughout the whole year, a high frequency of bushfires typically occur in 
inland areas of Australia (see Figure S3 from 2013/4 as an example) where a limited 
population resides (ABS, 2001). Therefore the major sources for PAHs in inland areas would 
arguably be emissions from large-scale bushfires rather than anthropogenic sources such as 
domestic heating (if any) or vehicle exhaust. Thus, emissions from bushfires are suggested to 
be an important contributor to atmospheric concentrations of PAHs measured in Brisbane, 
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particularly in cooler months. If the same back trajectories of air masses are applicable to 
both sites, but vehicle (cold starting) adds to PAH levels at Site WG, the contribution from 
bushfires would be more important at Site Gri compared to WG.  
 
Figure 4.4. Monthly concentrations of BaP (gaseous + particle-associated, pg m-3) at Site Gri 
and back trajectory frequency of air masses in summer (left) and during cooler months (right) 
in Brisbane in 2013/4 
PCBs. Apart from the possible emissions from legacy electricity equipment and old building 
materials, another major source of PCBs in the air may be re-volatilisation from contaminated 
terrestrial surfaces such as soil, a process that is temperature-mediated. During bushfires, the 
temperature of soil increases dramatically over a short period, which enhances re-
volatilisation as a source for PCB and dioxin emissions during this process (Eckhardt et al., 
2007; Meyer et al., 2009; Primbs et al., 2008). The lack of an apparent seasonal pattern for 
PCBs at both sites in 2013/4 indicated that either the temperature variation between seasons 
in this subtropical area was not great enough and/or in the cooler months, other important 
emission sources of PCBs also existed. Such sources may include the re-volatilisation from 
reservoirs such as soils. 
Temporal changes. PAHs. As seen in Table S7, for most PAHs, the average halving time 
estimated at Site WG was shorter than that for Site Gri. This result may reflect the efforts of 
reducing levels of exhaust gases from vehicles over the last two decades in Australia, 
meaning reductions in concentrations would be relatively greater at the traffic-dominated 
sampling site. On the other hand, the relatively longer halving times estimated at Site Gri 
confirmed that traffic-related emissions, as a source for PAHs, were not as dominant at Site 
Gri as compared to Site WG.  
It was noted that the halving time of Ant was longer than Phe at Site Gri (Table S7). This was 
unexpected given that Ant is generally less stable in the air and has an estimated lifetime 
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some 2 to 4 times shorter than its linear isomer (Phe) based on reaction with OH radicals 
(Biermann et al., 1985; Bunce and Dryfhout, 1992). However, this result was similar to that 
found in a rural site on Lake Superior where biomass burning was indicated as a constant 
contributor to freshly emitted atmospheric PAHs (Sun et al., 2006). Indeed it has been 
reported that wood combustion could emit a higher proportion of Ant compared to vehicle 
exhaust (Khalili et al., 1995). This observation is additional evidence that Site Gri was 
impacted to a greater extent by emission sources of biomass burning than Site WG. 
PCBs. Overall, the estimated halving time for ∑6 iPCBs (11 ± 3 years) in Brisbane air from 
Site Gri was comparable to that reported around the Great Lakes (approximately 15 years) 
within the IADN network based on observations from 1990 to 2010 (Salamova et al., 2013; 
Venier and Hites, 2010). In contrast, a shorter halving time (4.7 years) was reported in the 
UK within the TOMPS network from 1991 to 2008 (Schuster et al., 2010), where diffusive 
primary sources were indicated as being dominant. This may imply that primary sources such 
as emissions from old stock of electric equipment are of limited importance as contributors to 
concentrations of atmospheric PCBs at Site Gri. 
Typically, larger congeners were found to have a longer halving time in this work, indicating 
the dominance of secondary sources over the twenty-year interval. PCB 101 for example had 
an observed halving time of 24 years, consistent with previous findings that secondary 
emission sources are most important for penta- and hexachlorinated congeners (Lammel and 
Stemmler, 2012). It has also been estimated that the PCB congener fingerprint of soil 
between 90° S and 30° N showed the highest proportion of PCB 101 (4.0%) compared to 30 - 
60° N (2.0%) and 60 - 90° N (2.3%) (Meijer et al., 2003).  
Over the last two decades, the profile of indicator PCBs has shifted slightly towards a higher 
proportion of medium sized congeners. For example, the contribution of PCB 101 increased 
slightly from 3.6 ± 1.4% to 10 ± 7%, again indicating re-volatilisation from reservoirs such as 
soil have been acting as the main source for atmospheric PCBs in Brisbane. 
4.3.4 Emission profile characteristics of key potential sources for PAHs and PCBs and their 
relevance to atmospheric burdens at the receptor sites 
Source fingerprints were obtained for bushfires (for PAHs and PCBs) within a controlled 
burn event in 2013 and for vehicle exhaust (PAHs only) within a tunnel sampling event in 
2014. As seen in Figures 4.5(a) and (b) and Tables S8 and S9, the PAH profiles from each 
type of event were dominated by Phe and generally the compound concentration decreased 
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with increased molecular weight. This resulted in a significant correlation of the PAH profile 
between these samples (r2 ranged from 0.946 to 0.999, P < 0.001). In spite of this similarity, 
the relevance of these key potential sources to atmospheric burdens of PAHs at the receptor 
sites (Sites Gri and WG) can still be estimated, as discussed later.  
PCB profiles from Sites Gri and WG were dominated by PCB 28 and significantly correlated 
(r2 = 0.996, P < 0.001) whereas the bushfire event presented a different PCB profile in which 
PCB 101 had the highest concentration (Figure 4.5 (c) and Table S8). This agrees with the 
previous discussion that soil is an important reservoir for PCB 101. While emissions from 
bushfires may contribute to the concentrations of PCBs in Brisbane air (resulting in a longer 
halving time for PCB 101), the weak correlation of PCB profiles between Sites Gri and WG 
and the bushfire event indicates that potentially other important sources may also contribute 
to the PCBs measured in air at these two receptor sites. 
 
Figure 4.5. Source fingerprints of PAHs in (a) 1994/5 and (b) 2013/4 and of PCBs (c) in 
2013/4. Data were normalized to the concentration of Phe for PAHs and PCB 28 for PCBs 
and for Sites Gri and WG data were from cooler months of the year.  
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A number of techniques have been employed to investigate the major sources of PAHs and 
PCBs in samples, and whether relative source contributions have changed over time. 
Diagnostic ratios of various PAHs have been used for example. In the current study, ratios 
were calculated from samples taken of the bushfire event, in the vehicular tunnel event and 
from Sites Gri and WG (both in 1994/5 and 2013/4). There is also some limited data on 
bushfire source profiles from the 1990s (Table S10). As seen in Figures 4.5, S4 and Table 
S10, compared to Pyr, Flu was relatively more enriched in the bushfire samples, leading to 
ratios of Flu/(Flu + Pyr) of 0.52 in the 2013/4 bushfire sampling campaign. Also shown in 
Figure S4 and Table S10, a ratio of 0.61 was obtained in a 1990 (published year; the 
sampling period was not stated in the publication) bushfire sampling event in Australia 
(Freeman and Cattell, 1990).   
In contrast, a relatively higher concentration of Pyr was measured with the 2014 tunnel 
sample, resulting in a ratio of Flu/(Flu + Pyr) of 0.35. A ratio range of 0.36 – 0.43 (with an 
outlier of 0.51 in autumn) was observed at Site Gri in 1994/5 and this increased to 0.43 – 0.53 
in 2013/4, indicating an increase of the contribution from wood combustion (bushfires) over 
this period. In the 2013/4 sampling campaign, this ratio was consistently and significantly 
(paired t test, P < 0.001) higher at Site Gri (0.51 ± 0.03, ranging from 0.46 to 0.55) than at 
Site WG (0.44 ± 0.02, ranging from 0.42 to 0.47), again suggesting a greater contribution 
from wood combustion (bushfires) at Site Gri. 
As shown in Figure S5, a clearly different pattern of benzopyrene isomers was observed for 
the samples from the bushfire event, where BaP dominated the pattern, compared with other 
types of samples in which BeP typically did. The BaP/(BaP+BeP) ratio of the bushfire event 
sample (close to 0.50; Table S10) is suggestive of freshly emitted particles (Oliveira et al., 
2011). To a lesser extent this applied to the tunnel sample (close to 0.40; Table S10) as well. 
Furthermore, this diagnostic ratio was typically lower in 2013/4 (0.14 – 0.29) than in 1994/5 
(0.29 – 0.51) at both sites (see Figure S5 as an example in the cooler season), indicating they 
have become more impacted by aged particles (presumably emitted from inland bushfires and 
transported via LRAT) with time. 
Principal component analysis (PCA) was employed as another means of estimating the 
contribution of various potential sources to the PAH and PCB concentrations in air at the 
receptor sites. As seen in Figure S6, this revealed an association of bushfires with PAHs 
measured in cooler months in 2013/4 at Site Gri and also indicated vehicular emissions to be 
an important source for PAHs measured at Site WG. In addition, LRAT was identified as an 
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important source of PCBs in air measured at Site Gri. This result, together with the previous 
discussion, implies that both LRAT and re-volatilisation of PCBs from reservoirs such as 
soils during bushfires are potentially important sources for PCBs in air measured at Site Gri. 
Further details of the PCA analysis are provided in S10 in the SI.  
4.4 Conclusions 
Overall, atmospheric concentrations of PAHs and PCBs have significantly decreased 
compared to two decades ago in Brisbane area, at similar rates to those observed at 
comparable sites in the Northern Hemisphere. This result reflects the effectiveness of the 
related global treaties and pollutant emission regulations over this timespan. Our data also 
suggest that, compared to two decades ago, biomass burning including bushfires has become 
a more important emission source for atmospheric PAHs in the Brisbane area. For 
atmospheric PCBs, both LRAT and re-volatilisation of PCBs from reservoirs such as soils 
during bushfires are indicated as important sources.
Acknowledgments 
The authors thank Scott Byrnes and Werner Ehrsam (Griffith University), Don Neale, Russell 
Harper and Robin Smit (Department of Science, Information Technology and Innovation) as 
well as Rachel Cruttenden (Brisbane City Council) for their help in sampling site 
organisation and sample collection. The authors would also like to thank Mengxue Sun 
(Dalian Maritime University) for providing the air sampler (LSAM-100) and assisting with 
its configuration for the tunnel sampling event. Also thanks to Chris Paxman, Andrew Banks, 
Jake O’Brien, Yiqin Chen, Daniel Drage, Laurence Hearn and Michael Gallen (The National 
Research Centre for Environmental Toxicology (ENTOX), The University of Queensland 
(UQ)) for their assistance in lab analysis. Xianyu Wang is supported by an International 
Postgraduate Research Scholarship granted by the Australian Government and a University 
of Queensland Centennial Scholarship granted by UQ. Phong Thai is supported by a VC’s 
Research Fellowship from Queensland University of Technology. Jochen Mueller is 
supported by an Australian Research Council Future Fellowship. ENTOX is a joint venture of 
UQ and Queensland Health Forensic and Scientific Services.
Page 101 of 286 
 
Chapter references 
ABS, Australian Bureau of Statistics, 2001. Population living within 50 Kilometres of the 
coast. 
http://www.abs.gov.au/Ausstats/abs@.nsf/Previousproducts/1301.0Feature%20Article32004 
(Accessed July 10, 2015). 
ABS, Australian Bureau of Statistics, 2012a. Australian Social Trends--Household energy 
use and costs. 
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/4102.0Sep%202012?OpenDocum
ent (Accessed July 10, 2015). 
ABS, Australian Bureau of Statistics, 2012b. Year Book Australia. 
http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/1301.0~2012~Main%20Fea
tures~Transport%20activity~187 (Accessed July 10, 2015). 
AFPA, Australian Forest Products Association, 2014. Reducing bushfire risk through active 
forest management. 
Agudelo-Castañeda, D.M., Teixeira, E.C., 2014. Seasonal changes, identification and source 
apportionment of PAH in PM1.0. Atmospheric Environment 96, 186-200. 
AMAP, Arctic Monitoring and Assessment Programme, 2010. http://www.amap.no/ 
(Accessed July 10, 2015). 
Australian Government, 2015. Environmental Protection Act 1994. 
Baek, S.O., Field, R.A., Goldstone, M.E., Kirk, P.W., Lester, J.N., Perry, R., 1991. A review 
of atmospheric polycyclic aromatic hydrocarbons: Sources, fate and behavior. Water, Air, 
and Soil Pollution 60, 279-300. 
Bartkow, M.E., Huckins, J.N., Mueller, J.F., 2004. Field-based evaluation of semipermeable 
membrane devices (SPMDs) as passive air samplers of polyaromatic hydrocarbons (PAHs). 
Atmospheric Environment 38, 5983-5990. 
BCC, Brisbane City Council, 2014. Key Corridors Performance Report. 
Biermann, H.W., Mac Leod, H., Atkinson, R., 1985. Kinetics of the gas-phase reactions of 
the hydroxyl radical with naphthalene, phenanthrene, and anthracene. Environmental Science 
& Technology 19, 244-248. 
Page 102 of 286 
 
Black, R.R., Meyer, C.P., Touati, A., Gullett, B.K., Fiedler, H., Mueller, J.F., 2012. Emission 
factors for PCDD/PCDF and dl-PCB from open burning of biomass. Environment 
International, 38, 62-66. 
Broddin, G., Cautreels, W., Van Cauwenberghe, K., 1980. On the aliphatic and polyaromatic 
hydrocarbon levels in urban and background aerosols from belgium and the netherlands. 
Atmospheric Environment (1967) 14, 895-910. 
Buehler, S.S., Hites, R.A., 2002. The Great Lakes' integrated atmospheric deposition 
network. Environmental Science & Technology 36, 354A-359A. 
Bunce, N.J., Dryfhout, H.G., 1992. Diurnal and seasonal modelling of the tropospheric half-
lives of polycyclic aromatic hydrocarbons. Canadian Journal of Chemistry 70, 1966-1970. 
Daisey, J.M., Cheney, J.L., Lioy, P.J., 1986. Profiles of organic particulate emissions from air 
pollution sources: Status and needs for receptor source apportionment modeling. Journal of 
the Air Pollution Control Association 36, 17-33. 
DIRD, Department of Infrastructure and Regional Development. Australian Government, 
2015. Vehicle Emission Standards. 
http://www.infrastructure.gov.au/roads/environment/emission/. 
Diefenbacher, P.S., Bogdal, C., Gerecke, A.C., Glüge, J., Schmid, P., Scheringer, M., 
Hungerbühler, K., 2015. Emissions of polychlorinated biphenyls in Switzerland: A 
combination of long-term measurements and modeling. Environmental Science & 
Technology 49, 2199-2206. 
Dimashki, M., Lim, L.H., Harrison, R.M., Harrad, S., 2001. Temporal trends, temperature 
dependence, and relative reactivity of atmospheric polycyclic aromatic hydrocarbons. 
Environmental Science & Technology 35, 2264-2267. 
DoE, Department of Environment. Australian Government, 2014. Polychlorinated Biphenyls 
(PCBs) in Australia. www.npi.gov.au/resource/polychlorinated-biphenyls-pcbs (Accessed 
July 10, 2015). 
Draxler, R.R. and Rolph, G.D., 2014. HYSPLIT (HYbrid Single-Particle Lagrangian 
Integrated Trajectory) Model access via NOAA ARL READY Website 
(http://www.arl.noaa.gov/HYSPLIT.php). NOAA Air Resources Laboratory, College Park, 
MD. 
Page 103 of 286 
 
DSITI, Department of Science Information Technology and Innovation, Q.G., Brisbane, 
2015. CLEM7 tunnel: air emission assessment and best practice operational management for 
air quality. 
Eckhardt, S., Breivik, K., Manø, S., Stohl, A., 2007. Record high peaks in PCB 
concentrations in the Arctic atmosphere due to long-range transport of biomass burning 
emissions. Atmospheric Chemistry and Physics 7, 4527-4536.  
EMEP, The European Monitoring and Evaluation Programme, 1983. 
http://www.emep.int/index.html (Accessed July 10, 2015). 
Environment Canada. Government of Canada, 2004. Global Atmospheric Passive Sampling 
(GAPS) Network. http://www.ec.gc.ca/rs-mn/default.asp?lang=En&n=22D58893-1 
(Accessed July 10, 2015). 
FRA, Food and Rural Affairs. Department for Environment. UK, 1991. Toxic Organic Micro 
Pollutants (TOMPs) Networks.  http://uk-air.defra.gov.uk/networks/network-
info?view=tomps (Accessed July 10, 2015). 
Freeman, D.J., Cattell, F.C.R., 1990. Woodburning as a source of atmospheric polycyclic 
aromatic hydrocarbons. Environmental Science & Technology 24, 1581-1585. 
Gasic, B., Moecke, C., Macleod, M., Brunner, J., Scheringer, M., Jones, K.C., Hungerbuhler, 
K., 2009. Measuring and modeling short-term variability of PCBs in air and characterization 
of urban source strength in zurich, Switzerland. Environmental Science & Technology 43, 
769-776. 
Gras, J., Mueller, J., Graham, B., Symons, R., Carras, J., Cook, G., 2004. Dioxins in Ambient 
Air in Australia, National Dioxins Program Technical Report No. 4. Australian Government 
Department of the Environment and Heritage, Canberra. 
Gunawardena, J., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 2012. Role of traffic in 
atmospheric accumulation of heavy metals and polycyclic aromatic hydrocarbons. 
Atmospheric Environment 54, 502-510. 
Halse, A.K., Schlabach, M., Eckhardt, S., Sweetman, A., Jones, K.C., Breivik, K., 2011. 
Spatial variability of POPs in European background air. Atmospheric Chemistry and Physics 
11, 1549-1564. 
Page 104 of 286 
 
Holoubek, I., Klánová, J., Čupr, P., Kukučka, P., Borůvková, J., Kohoutek, J., Prokeš, R., 
Kareš, R., 2011. POPs in ambient air from MONET network - Global and regional trends. 
WIT Transactions on Ecology and the Environment 147, 173-184. 
Hung, H., Kallenborn, R., Breivik, K., Su, Y., Brorström-Lundén, E., Olafsdottir, K., 
Thorlacius, J.M., Leppänen, S., Bossi, R., Skov, H., Manø, S., Patton, G.W., Stern, G., 
Sverko, E., Fellin, P., 2010. Atmospheric monitoring of organic pollutants in the Arctic under 
the Arctic Monitoring and Assessment Programme (AMAP): 1993-2006. Science of the Total 
Environment 408, 2854-2873. 
Hung, H., MacLeod, M., Guardans, R., Scheringer, M., Barra, R., Harner, T., Zhang, G., 
2013. Toward the next generation of air quality monitoring: Persistent organic pollutants. 
Atmospheric Environment 80, 591-598. 
IARC, The International Agency for Research on Cancer, 2015. Agents Classified by the 
IARC Monographs. World Health Organization. 
http://monographs.iarc.fr/ENG/Classification/. 
Kennedy, K., Macova, M., Bartkow, M.E., Hawker, D.W., Zhao, B., Denison, M.S., Mueller, 
J.F., 2010. Effect based monitoring of seasonal ambient air exposures in Australia sampled 
by PUF passive air samplers. Atmospheric Pollution Research 1, 50-58. 
Khalili, N.R., Scheff, P.A., Holsen, T.M., 1995. PAH source fingerprints for coke ovens, 
diesel and, gasoline engines, highway tunnels, and wood combustion emissions. Atmospheric 
Environment 29, 533-542. 
Klánová, J., Harner, T., 2013. The challenge of producing reliable results under highly 
variable conditions and the role of passive air samplers in the Global Monitoring Plan. Trends 
in Analytical Chemistry 46, 139-149. 
Lammel, G., Stemmler, I., 2012. Fractionation and current time trends of PCB congeners: 
Evolvement of distributions 1950-2010 studied using a global atmosphere-ocean general 
circulation model. Atmospheric Chemistry and Physics 12, 7199-7213. 
Lim, L.H., Harrison, R.M., Harrad, S., 1999. The contribution of traffic to atmospheric 
concentrations of polycyclic aromatic hydrocarbons. Environmental Science & Technology 
33, 3538-3542. 
Page 105 of 286 
 
Lim, M.C.H., Ayoko, G.A., Morawska, L., 2005. Characterization of elemental and 
polycyclic aromatic hydrocarbon compositions of urban air in Brisbane. Atmospheric 
Environment 39, 463-476. 
Mackay, D., Shiu, W.Y., Ma, K.-C., 1997. Illustrated handbook of physical-chemical 
properties of environmental fate for organic chemicals. CRC Press. 
Meijer, S.N., Ockenden, W.A., Sweetman, A., Breivik, K., Grimalt, J.O., Jones, K.C., 2003. 
Global distribution and budget of PCBs and HCB in background surface soils: Implications 
for sources and environmental processes. Environmental Science & Technology 37, 667-672. 
Meijer, S.N., Sweetman, A.J., Halsall, C.J., Jones, K.C., 2008. Temporal trends of polycyclic 
aromatic hydrocarbons in the U.K. atmosphere: 1991-2005. Environmental Science & 
Technology 42, 3213-3218. 
Melymuk, L., Bohlin, P., Sáňka, O., Pozo, K., Klánová, J., 2014. Current challenges in air 
sampling of semivolatile organic contaminants: Sampling artifacts and their influence on data 
comparability. Environmental Science & Technology 48, 14077-14091. 
Meyer, C., Beer, T., Mueller, J., Gillett, R., Weeks, I., Powell, J., Tolhurst, K., McCaw, L., 
D, C.G.M., Symons, R., 2004. National Dioxin Program_Technical Report No. 1_Dioxins 
Emissions from Bushfires in Australia. 
Meyer, C.P., Mueller, J., Symons, R.K., 2009. Determination of the source and level of 
dioxin emissions from bushfires in Australia. 
Motelay-Massei, A., Harner, T., Shoeib, M., Diamond, M., Stern, G., Rosenberg, B., 2005. 
Using passive air samplers to assess urban-rural trends for persistent organic pollutants and 
polycyclic aromatic hydrocarbons. 2. Seasonal trends for PAHs, PCBs, and organochlorine 
pesticides. Environmental Science & Technology 39, 5763-5773. 
Mueller, J. F. Occurrence and distribution processes of semivolatile organic chemicals in the 
atmosphere and leaves. Ph.D. Dissertation, Griffith University, 1997. 
Mueller, J.F., Hawker, D.W., Connell, D.W., 1998. Polycyclic aromatic hydrocarbons in the 
atmospheric environment of Brisbane, Australia. Chemosphere 37, 1369-1383. 
Nielsen, T., 1996. Traffic contribution of polycyclic aromatic hydrocarbons in the center of a 
large city. Atmospheric Environment 30, 3481-3490. 
Page 106 of 286 
 
Odabasi, M., Cetin, E., Sofuoglu, A., 2006. Determination of octanol-air partition coefficients 
and supercooled liquid vapor pressures of PAHs as a function of temperature: Application to 
gas-particle partitioning in an urban atmosphere. Atmospheric Environment 40, 6615-6625. 
Oliveira, C., Martins, N., Tavares, J., Pio, C., Cerqueira, M., Matos, M., Silva, H., Oliveira, 
C., Camões, F., 2011. Size distribution of polycyclic aromatic hydrocarbons in a roadway 
tunnel in Lisbon, Portugal. Chemosphere 83, 1588-1596. 
Primbs, T., Piekarz, A., Wilson, G., Schmedding, D., Higginbotham, C., Field, J., Simonich, 
S.M., 2008. Influence of Asian and Western United States urban areas and fires on the 
atmospheric transport of polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and 
fluorotelomer alcohols in the Western United States. Environmental Science & Technology 
42, 6385-6391. 
Pozo, K., Harner, T., Wania, F., Muir, D.C.G., Jones, K.C., Barrie, L.A., 2006. Toward a 
global network for persistent organic pollutants in air: Results from the GAPS study. 
Environmental Science & Technology 40, 4867-4873. 
RECETOX, Research Centre for Toxic Compounds in the Environment, 2015. MONET 
netwok. http://www.recetox.muni.cz/index-en.php?pg=regional-pops-center--scope-of-sc-rc-
activities--monitoring-of-pops-in-the-cee-countries-and-other-regions. 
Salamova, A., Pagano, J.J., Holsen, T.M., Hites, R.A., 2013. Post-1990 Temporal trends of 
pcbs and organochlorine pesticides in the atmosphere and in fish from Lakes Erie, Michigan, 
and Superior. Environmental Science & Technology 47, 9109-9114. 
Schuster, J.K., Gioia, R., Sweetman, A.J., Jones, K.C., 2010. Temporal trends and controlling 
factors for polychlorinated biphenyls in the UK atmosphere (1991-2008). Environmental 
Science & Technology 44, 8068-8074. 
Shen, H., Huang, Y., Wang, R., Zhu, D., Li, W., Shen, G., Wang, B., Zhang, Y., Chen, Y., 
Lu, Y., Chen, H., Li, T., Sun, K., Li, B., Liu, W., Liu, J., Tao, S., 2013. Global atmospheric 
emissions of polycyclic aromatic hydrocarbons from 1960 to 2008 and future predictions. 
Environmental Science & Technology 47, 6415-6424. 
Shen, H., Tao, S., Wang, R., Wang, B., Shen, G., Li, W., Su, S., Huang, Y., Wang, X., Liu, 
W., Li, B., Sun, K., 2011. Global time trends in PAH emissions from motor vehicles. 
Atmospheric Environment 45, 2067-2073. 
Page 107 of 286 
 
Sun, P., Blanchard, P., Brice, K.A., Hites, R.A., 2006. Trends in polycyclic aromatic 
hydrocarbon concentrations in the Great Lakes atmosphere. Environmental Science & 
Technology 40, 6221-6227. 
Thomas, J.F., Mukai, M., Tebbens, B.D., 1968. Fate of airborne benzo[a]pyrene. 
Environmental Science & Technology 2, 33-39. 
UNEP, United Nations Environment Programme, 2007. Global Monitoring Plan. 
http://chm.pops.int/Implementation/GlobalMonitoringPlan/Overview/tabid/83/Default.aspx  
(Accessed July 10, 2015). 
Van Vaeck, L., Van Cauwenberghe, K., 1984. Conversion of polycyclic aromatic 
hydrocarbons on diesel particulate matter upon exposure to ppm levels of ozone. 
Atmospheric Environment (1967) 18, 323-328. 
Venier, M., Hites, R.A., 2010. Time trend analysis of atmospheric pops concentrations in the 
Great Lakes region since 1990. Environmental Science & Technology 44, 8050-8055. 
Wang, X., Kennedy, K., Powell, J., Keywood, M., Gillett, R., Thai, P., Bridgen, P., 
Broomhall, S., Paxman, C., Wania, F., Mueller, J.F., 2015. Spatial distribution of selected 
persistent organic pollutants (POPs) in Australia's atmosphere. Environmental Sciences: 
Processes and Impacts 17, 525-532. 
Page 108 of 286 
 
Chapter 5: Emissions of selected SVOCs from forest and savannah fires in Australia 
The findings in previous chapters demonstrated the differences in concentrations and profiles 
of SVOCs in ambient air across Australia and an absolute decrease in SVOC concentrations 
over the last two decades in ambient air, suggesting that the role of bushfires/wildfires as an 
emission source has substantially increased. To assess specifically the role of emissions from 
bushfires/wildfires, knowledge of emission factors (EFs), defined as mass of the compound 
released to the atmosphere per unit mass of fuel consumed by combustion, is required. 
Therefore, in Chapter 5, I described two sampling campaigns, one in a forest reserve in 
residential areas in eastern Australia, 10 km from Brisbane Central Business District, and 
another one in a savannah area in a remote region of northern Australia, which were 
conducted to measure the EFs for SVOCs. The results should validate the qualitative 
assessment from Chapter 4 of the increased role of bushfires/wildfires as a source. 
Comparisons of emissions between these two sites would also achieve a comparison of 
emissions from locations with different land-use, building on the results from Chapter 3. The 
findings in this current chapter also assess the expected primary emission mechanisms for 
different SVOC analytes as hypothesised in Chapter 2. 
 
The following publication is incorporated as Chapter 5: 
Wang, X., Thai, P. K., Mallet, M., Desservettaz, M., Hawker, D. W., Keywood, M., 
Miljevic, B., Paton-Walsh, C., Gallen, M., Mueller, J. F., 2017. Emissions of selected 
semivolatile organic chemicals from forest and savannah fires. Environmental Science & 
Technology 51, 1293-1302. DOI: 10.1021/acs.est.6b03503
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ABSTRACT 
The emission factors (EFs) for a broad range of semivolatile organic chemicals (SVOCs) 
from subtropical eucalypt forest and tropical savannah fires were determined for the first time 
from in-situ investigations. Significantly higher (t test, P < 0.01) EFs (µg kg-1 dry fuel, gas + 
particle-associated) for polycyclic aromatic hydrocarbons (∑13 PAHs) were determined from 
the subtropical forest fire (7,000 ± 170) compared to the tropical savannah fires (1,600 ± 
110), due to the approximately 60 fold higher EFs for 3-ring PAHs from the former. EF data 
for many PAHs from the eucalypt forest fire were comparable with those previously reported 
from pine and fir forest combustion events. EFs for other SVOCs including polychlorinated 
biphenyl (PCB), polychlorinated naphthalene (PCN), polybrominated diphenyl ether (PBDE) 
congeners as well as some pesticides (e.g. permethrin) were determined from the subtropical 
eucalypt forest fire. The highest concentrations of total suspended particles, PAHs, PCBs, 
PCNs and PBDEs were typically observed in the flaming phase of combustion. However 
concentrations of levoglucosan and some pesticides such as permethrin peaked during the 
smoldering phase. Along a transect (10 – 150 – 350m) from the forest fire, concentration 
decrease for PCBs during flaming was faster compared to PAHs while levoglucosan 
concentrations increased. 
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5.1 Introduction 
Open-field biomass burning including forest and savannah fires is recognised as an important 
source of aerosols, carbon monoxide (CO) and nitrogen oxides to the atmosphere (Andreae 
and Merlet, 2001; Crutzen and Andreae, 1990; Iinuma et al., 2007; Meyer et al., 2004). The 
combustion processes involved can also result in the formation and release of various organic 
pollutants including semivolatile organic chemicals (SVOCs). 
It is well known that some SVOCs such as polycyclic aromatic hydrocarbons (PAHs) 
(Frenklach, 2002; Reid et al., 2005) and polychlorinated dibenzo-p-dioxins and 
dibenzofurans (PCDD/Fs) (Black et al., 2012; Gullett and Touati, 2003) can be released as a 
result of de novo formation processes. Many other toxic SVOCs such as polychlorinated 
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), polychlorinated naphthalenes 
(PCNs) and pesticides may also be emitted via a re-volatilisation process, following their pre-
accumulation in/on plants/soil from emissions from primary sources. 
While many anthropogenic sources of toxic SVOCs have been successfully 
regulated/eliminated over the last few decades, the relative contribution from forest and 
savannah fires to environmental burdens may have increased over this time because the 
annual global burning areas have changed relatively little since the 1970s (Friedman et al., 
2013; Kallenborn et al., 2012; Mouillot and Field, 2005; Wang et al., 2016). Under global 
climate change scenarios, the number of bushfires/wildfires and length of fire seasons are 
expected to increase in many regions as a result of rising temperatures and reduced 
precipitation (Friedman et al., 2013). This may be particularly relevant to tropical/subtropical 
regions where most (> 80%) open-field biomass burnings occur (Bowman et al., 2009; Gao et 
al., 2003; Giglio et al., 2006; van der Werf et al., 2006). 
Investigating the emission characteristics of SVOCs from forest and savannah fires is 
therefore important for understanding the contribution of different sources to the SVOC 
inventories. In particular, the emission factor (EF), defined as mass of the compound released 
to the atmosphere per unit mass of fuel consumed by combustion, is a key parameter to 
quantitatively determine the emissions of chemicals of interest. EFs for dioxins and dioxin-
like PCBs from open biomass burning has recently been a focus of a number of studies 
providing the basis for the UNEP toolkit for estimating national emission inventories (Black 
et al., 2011; Gullett and Touati, 2003; Meyer et al., 2004; Prange et al., 2003). EFs can be 
determined via laboratory simulations or field experiments. The former are useful for 
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isolating effects of particular factors such as fuel type on EFs, however they often fail to 
reproduce the complexity of combustion events in the field. Thus, while EFs for PAHs from 
the burning of forest/savannah fuels have been investigated under laboratory simulations 
(Hays et al., 2002; Hosseini et al., 2013; Jenkins et al., 1996a; McMahon and Tsoukalas, 
1978; Medeiros and Simoneit, 2008; Moltó et al., 2010; Oros et al., 2006; Oros and Simoneit, 
2001a, b), there are few in-situ studies that would give insight into emissions under real-
world conditions (Aurell et al., 2015; Masclet et al., 1995). In particular, there is a lack of 
chemical-specific EF data for PAHs from subtropical and tropical forest/savannah fires 
derived from in-situ measurement. Similarly, EFs for PCBs and PCNs have been investigated 
in some simulation (Gullett and Touati, 2003; Lee et al., 2005; Meyer et al., 2004; Moltó et 
al., 2010) and opportunistic studies (capturing smoke at a receptor site 2,000 – 4,000 km 
away from the fires) (Eckhardt et al., 2007), with a lack of data from in-situ investigations. 
There is also a gap regarding EF datasets for pesticides and PBDEs from forest/savannah 
fires to date. 
The emission characteristics, including temporal and spatial variations of chemical profiles 
and concentrations in smoke plumes during open-field fires, are also of interest because for 
example it has been reported that during biomass combustion, higher concentrations of 
organic species can be identified in smoke aerosols under smoldering compared to flaming 
conditions (Gao et al., 2003). However, little is currently known about the temporal/spatial 
trends for emissions of the aforementioned SVOCs from open-field biomass burning 
(Dambruoso et al., 2014). 
The aim of this study was to determine EFs for a broad range of SVOCs (including PAHs and 
legacy persistent organic pollutants (POPs) such as PCBs, PCNs, organochlorine pesticides 
(OCPs) and PBDEs as well as emerging pollutants (such as pyrethroids)) from forest and 
savannah fires in tropical/subtropical regions. This study also evaluated the emission 
characteristics of the relevant SVOCs including temporal/spatial trends of their 
concentrations and profiles. 
5.2 Materials and methods 
Sample collection. Samples were collected in two separate sampling campaigns in Australia, 
the first in a subtropical forest in South East Queensland and the second in a savannah region 
in the Northern Territory. 
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Figure 5.1. Map of sampling sites 
Subtropical forest fire. The Toohey Forest Reserve (27°32‘17” S, 153°2‘48” E, Figure 5.1) is 
approximately 10 km south from the Brisbane Central Business District (CBD). The typical 
vegetation type is open eucalypt (Zhao et al., 2015), which also dominates the tree flora 
nationwide in Australia (Department of Agriculture and Water Resources Web site, accessed 
July 10, 2016). A controlled burn was carried out in the northwest of the forest on 10th 
August 2013, the beginning of the dry season (which is typically from August to October), to 
reduce potential fire hazards during this season. Three sampling sites were established on a 
transect away from the planned burning area towards the east (Figure 5.1). These sites, along 
the edge of a residential community, were denoted as Sites A (within 10 m from the edge of 
the fire, Figure S1 in the Supplementary Information (SI)), B (150 m, dividing the transect in 
the middle) and C (350 m) (the furthest practical site considering the obstruction of smoke by 
surrounding trees at any greater distance). Air samples were collected at these sites prior to 
the burn (sampling duration 18 hours), during the flaming phase (0 – 7 hours after the 
ignition, when flames can be observed as dominant, but with smoldering observed behind the 
flaming front) as well as during the subsequent smoldering phase (7 – 13 and 13 – 22 hours 
after the ignition, where only sporadic flames can be observed and with flameless combustion 
(smoldering) dominating the burn) and after the fire was extinguished (22 – 33, 33 – 46, 46 – 
56, 56 – 70 hours after the ignition). A total of 20 samples were collected from all sites and 
details are provided in Table S1. During the flaming phase of the combustion, the prevalent 
wind direction was westerly (Figure S2), parallel to the sampling transect. However, from the 
start of the subsequent smoldering phase, the wind direction changed unexpectedly to 
easterly, which required rapid relocation of these samplers/sampling sites in response. This 
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was impractical due to the necessity of power point relocation and agreement from residences 
and local government. Therefore the following data were presented and discussed in this 
study: for Site A prior to the burn (n = 1), during the flaming phase (n = 1), during the 
smoldering phase (n = 2) and after the fire was extinguished (n = 4) and dataset for Sites A, B 
and C prior to the burn (n = 1 for each) and during the flaming phase (n = 1 for each). 
Tropical savannah fire. As part of the SAFIRED (Savannah Fires in the Early Dry Season) 
campaign, the sampling was carried out in tropical north Australia. This location has > 70% 
of Australia’s annual fire-affected areas (Russell-Smith et al., 2007). Typical vegetation 
native to this area includes tropical eucalypt and grassland (Sorghum spp.) (Department of 
the Environment and Water Resources Web site, accessed Dec 15, 2007). A total of 11 
(typically 48-hour) samples (Table S1) were collected consecutively from 5th to 26th June 
2014 from the roof (height = 3.5 m) of the Australian Tropical Atmospheric Research Station 
(ATARS, 12°14'56.6"S, 131°02'40.8"E, Figures 5.1 and S3). The sampling station was a 
single building in the middle of a large savannah area and therefore spatial transects were 
unable to be set up for this event. During the sampling period, up to 130 active fires could be 
detected each day within 100 km of the sampling site from MODIS Terra and Aqua satellite 
images (NASA Web site, accessed June 16, 2016). The majority of these fires were southeast 
of the sampling site, parallel to the predominant south-easterly winds experienced throughout 
the campaign. Of the 11 samples collected, samples 2, 3 and 11 were obtained when smoke 
events impacted the sampling site as identified by the increase of CO concentrations (Table 
S1), enabling comparisons between event and non-event scenarios. 
Sampling Equipment. In both sampling campaigns, total suspended particles (TSP), particle-
associated and gaseous SVOCs of interest as well as the cellulose combustion product 
levoglucosan were collected simultaneously using high-volume air samplers (Kimoto Electric 
Co., Ltd.). The sampling rate was approximately 60 m3 h-1 for both campaigns. The sampling 
train contained a glass fibre filter (GFF) and a subsequent polyurethane foam (PUF) plug. For 
the tropical savannah fires, CO was measured by an in-situ Fourier transform infrared 
spectrometer (Maximilien Desservettaz, Submitted to: Atmospheric Chemistry and Physics 
(EGU)) with concentrations obtained using MALT software (Griffith et al., 2012). Details are 
provided in Section 1 of the SI. It should also be noted that these two campaigns both relied 
on ground-level sampling techniques. This may underestimate the SVOC concentrations in 
the fire smoke during flaming phases due to a stronger upward transportation of the plume.  
Page 116 of 286 
 
Chemical analysis. SVOCs collected on/in GFFs and PUFs were analysed by validated 
methods with details provided in Section 2 of the SI. Briefly, the GFFs and PUFs were spiked 
with a solution containing 7 deuterated PAHs, 18 13C-labelled PCB congeners, 7 13C-labelled 
PBDE congeners and 14 13C-labelled pesticides at different levels as internal standards for 
quantification purposes (Table S2). Samples were then extracted with an Accelerated Solvent 
Extractor (ASE, Thermo Scientific™ Dionex™ ASE™ 350) and the resulting extract was 
divided into three portions: 40%/40%/20% (v/v/v). The first aliquot (F1) was analysed for 
SVOCs that are non-acid resistant (i.e. the analytes that would not survive the cleanup 
procedures involving concentrated sulfuric acid treatment; 26 compounds) and the second 
(F2) for acid resistant SVOCs (53 compounds). The third (F3) was analysed for 
levoglucosan. The full list of target compounds is provided in Table S2. 
Target compounds in F1, F2 and F3 were analysed separately using a TRACE 1310 gas 
chromatograph coupled to a DFS Magnetic Sector high-resolution mass spectrometer (GC-
HRMS) (Thermo Fisher Scientific, Bremen, Germany). The HRMS was operated in electron 
impact-multiple ion detection (EI-MID) mode and resolution was set to ≥ 10,000 (10% valley 
definition).  
Quality assurance and quality control (QA/QC). Details on QA/QC are provided in 
Section 3 in the SI. Briefly, breakthrough was monitored for each sample. Solvent, matrix 
and field blank samples accounted for about 20% of the total sample numbers. Method 
detection limits (MDLs) for each analyte, defined as the average field blank plus three times 
the standard deviation, were typically < 1 pg m-3 and are shown in Table S3.   
5.3 Results and discussion 
5.3.1 Subtropical forest fire 
Temporal distribution of SVOC emissions. The combustion process of open-field biomass 
burning can be divided into three phases: ignition, flaming and smoldering (Koppmann et al., 
2005). To monitor the emissions on a temporal basis, samples were taken before the event, 
during the flaming phase, the smoldering phase and after the event in this campaign. The time 
duration for the ignition phase itself was too short for the samplers to collect enough air 
volume and analytes to satisfy the typical detection limits. Therefore the ignition and flaming 
phases in this campaign were integrated to represent the flaming phase.  
PAH diagnostic ratios (DRs) such as concentrations of anthracene compared to those of 
anthracene plus phenanthrene (i.e. Ant/(Ant + Phe)) in samples can be used to distinguish the 
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dominance of petroleum (< 0.1) and combustion (> 0.1) sources, while benzo[a]pyrene to 
benzo[a]pyrene plus benzo[e]pyrene (BaP/(BaP + BeP)) is generally indicative of fresh (~ 
0.5) or aged (< 0.5) sources (Brandli et al., 2008; Bucheli et al., 2004; Grimmer et al., 1983; 
Oliveira et al., 2011; Yunker et al., 2002). The temporal trend of these DRs for samples from 
Site A (Table 5.1) agreed with the event categorization sequence employed viz. prior to the 
fire, flaming and smoldering, therefore supporting the experimental design. 
TSP levels peaked during the flaming phase (Table 5.1). The temporal profile of gaseous + 
particle-associated concentrations of ∑13 PAHs as well as those of ∑18 PCBs, ∑14 PCNs and 
∑7 PBDEs mirrored that of TSP with maximum levels observed during the flaming phase. 
However, the concentration (gaseous + particle-associated) of the biomass burning tracer 
levoglucosan reached its maximum value during the smoldering phase, 7 – 13 hours after the 
ignition. A similar observation has been made in a previous study and possible explanations 
for this differential behaviour have included relatively low energy barriers associated with 
bond cleavage in cellulose/hemicellulose, resulting in the formation of such markers (Gao et 
al., 2003). Thermal degradation of levoglucosan occurs at the higher temperatures 
characteristic of flaming, but is reduced during smoldering (Nimlos and Evans, 2002; 
Shafizadeh and Lai, 1972).  
Table 5.1. Atmospheric concentrations of TSP (µg m-3), gaseous + particle-associated 
levoglucosan (LG, µg m-3), selected target SVOCs (pg m-3) and dioxin toxic equivalent 
concentrations (TEQ) of ∑12 dl-PCBs (fg m-3) as well as selected PAH DRs measured at Site 
A of the transect before, during and after the combustion event (see details in Table S4 and 
profiles of PAHs and PCBs in Figure S4) 
 
 Site A 
 
Pre-event 
(n = 1) 
During flaming 
(0 - 7 h, n = 1) 
During smoldering 
(7 - 22 h, n = 2) 
Post-event 
(22 - 70 h, n = 4) 
TSP 12 140 64 ± 9 54 ± 17 
LG 0.29 3.0 3.8 ± 1.7 0.23 ± 0.15 
∑13 PAHs 4,500 45,000 27,000 ± 500 5,900 ± 2,100 
∑18 PCBs 14 36 20 ± 6 20 ± 3 
∑14 PCNs 0.46 0.84 0.60 ± 0.18 0.95 ± 0.16 
∑7 PBDEs 1.4 2.4 1.8 ± 0.1 2.1 ± 0.6 
HCHs& 7.3 2.7 9.9 ± 2.1 7.0 ± 4.2 
DDTs# 7.7 9.4 12 ± 4 13 ± 4 
Dieldrin 87 110 160 ± 25 190 ± 87 
HCB$ 10 8.9 15 ± 2 7.6 ± 3.5 
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Chlorpyrifos 130 27 140 ± 10 180 ± 67 
Permethrin 250 87 500 ± 15 200 ± 79 
∑12 dl-PCBs TEQ 0.057 0.27 0.12 ± 0.06 0.077 ± 0.020 
Ant/(Ant + Phe) 0.039 0.19 0.22 ± 0.03 0.11 ± 0.04 
BaP/(BaP + BeP) 0.37 0.50 0.46 ± 0.03 0.33 ± 0.01 
&Refers to sum of α-, β-, γ- and δ-hexachlorocyclohexanes; #Refers to sum of o,p’ and p,p’ – DDT, o,p’ and p,p’ – DDE 
and o,p’ and p,p’ – DDD; $HCB: hexachlorobenzene. 
 
For PAHs, their peak concentrations were observed during the flaming phase as mentioned. 
This is consistent with a formation process, well-known as being due to chemical reactions in 
flames with organic fuel sources (Frenklach, 2002). During the subsequent smoldering phase 
the temperatures maybe too low to result in substantial formation of PAHs (Hays et al., 2005; 
Reid et al., 2005). Overall, if a formation process dominates net emission, the relative 
contributions from re-volatilisation of PAHs pre-existing in/on plants/soil as well as 
degradation processes would not be important. It should be noted that to control spread of the 
fire, water was intermittently sprayed on the boundary of the fire during the event, opposite to 
where the sampler at Site A was mounted. This operation may have led to a less vigorous 
flaming condition and higher moisture content than might otherwise be the case. Both factors 
may result in higher PAH emissions (Jenkins et al., 1996b).  
For most PCB as well as some PCN and PBDE analytes, peak concentrations were also 
measured during the flaming phase and decreased with time (Tables 5.1 and S4). The 
concentration enhancement of these SVOCs was less than that for PAHs (Table 5.1). During 
open-field biomass burning, the temperature of plants/soil can reach a maximum of 
approximately 700 °C (Koppmann et al., 2005; Tomkins et al., 1991), with mean 
temperatures typically being 200 to 300 °C (Meyer et al., 2004). The breakdown of 
PCBs/PCNs/PBDEs present is likely to be negligible because temperatures attained are 
typically lower than those required for degradation (e.g. > 1000 °C for PCBs) (Basel 
Convention, 2003; Hitchman et al., 1995; Kim et al., 2004; Tomkins et al., 1991). Other 
potential processes may include transformation of PCBs to dioxins (Erickson, 1989) or de 
novo formation of PCBs/PCNs/PBDEs (de Leer et al., 1989; Helm and Bidleman, 2003; Kim 
et al., 2004; Takasuga et al., 2004), although some of these processes have been considered to 
be less important factors contributing to their net release during combustion of biomass 
(Atkins et al., 2010; Minomo et al., 2011). 
It is interesting to note that for most pesticides, peak concentrations in air were found to be 
during the smoldering phases (Tables 5.1 and S4). This may indicate a thermal degradation 
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process during the flaming phase due to lower thermal stabilities of some of these pesticides 
compared to PCBs. Assuming the burning temperatures can reach the aforementioned 
maximum level of 700 °C during flaming, several pesticides including lindane, DDTs and 
chlorpyrifos may be partly degraded (Bush et al., 2000; Łubkowski et al., 1989). However, 
this maximal high temperature may only be reached for a short period of time (Meyer et al., 
2004). Subsequently, when the fire becomes less vigorous under the smoldering conditions, 
surviving pesticides may re-volatilise undegraded from the plants/soil reservoir (Bush et al., 
2000; Genualdi et al., 2009; Łubkowski et al., 1989). Permethrin, for example, is commonly 
used in mosquito coils and its release from the coil into the air is mostly from the smoldering 
segment immediately behind the burning (flaming) tip of the coil. This effect may explain the 
peak concentration during the combustion event being measured in the smoldering phase for 
a wide range of SVOCs that are less thermally stable and for whom the main emission 
mechanism is (re)volatilisation. 
Spatial distribution of SVOC emissions along the transect. The PAH DRs ((Ant/(Ant + 
Phe) > 0.1 and BaP/(BaP + BeP) approximately 0.5) indicated that PAHs in samples were 
fresh/adjacent emissions from pyrogenic sources as discussed above during the flaming phase 
at all sites (Table 5.2).  
Table 5.2. Atmospheric concentrations of TSP (µg m-3), gaseous + particle-associated 
levoglucosan (LG, µg m-3), selected target SVOCs (pg m-3) with peak concentration in the 
flaming phase at Site A and dl-PCB TEQ (fg m-3) as well as selected PAH DRs measured 
along the transect during the flaming phase (see details in Table S5) 
 Site A (10 m) Site B (150 m) Site C (350 m) 
 
Pre-event 
(n = 1) 
During flaming 
(n = 1) 
Pre-event 
(n = 1) 
During flaming 
(n = 1) 
Pre-event 
(n = 1) 
During flaming 
(n = 1) 
TSP 12 140 28 110 63 52 
LG 0.29 3.0 0.20 11 0.33 11 
∑13 PAHs 4,500 45,000 1,800 61,000 6,300 19,000 
∑18 PCBs 14 36 17 18 17 20 
∑12 dl-PCBs TEQ 0.057 0.27 0.062 0.086 0.070 0.081 
Ant/(Ant + Phe) 0.039 0.19 0.072 0.18 0.041 0.18 
BaP/(BaP + BeP) 0.37 0.50 0.19 0.48 0.36 0.51 
 
The TSP concentration along the transect decreased (Table 5.2) with levels at Site C (350 m 
from the edge of the fire) less than half of those at Sites A and B. From the wind speed, the 
plume reaching Sites B and C had transportation times of approximately 1 and 3 min, 
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respectively. Notwithstanding any impact from obstruction due to trees along the transect, 
this observation suggests an effective diffusion of emitted particles within a relatively short 
distance/time. Concentrations of most PAH analytes (Table S5) mirrored the temporal trend 
of TSP concentrations, with concentrations remaining at similar level at Sites A and B before 
decreasing at Site C. It can be seen that the concentration increase of ∑13 PAHs from Sites A 
to B was mostly due to the concentration gain of fluoranthene (Flu) and pyrene (Pyr) at Site 
B (Table S5). This observation perhaps reflected increased degradation of larger emitted 
PAHs in relation to smaller ones (Frenklach, 2002). By contrast, concentrations of ∑18 PCB 
(as well as 3-ring PAHs i.e. Phe and Ant) decreased earlier/faster at Site B, to approximately 
50 – 60% of that at Site A (Table S5), potentially reflecting a well-diluted scenario, partly 
due to their distribution in the gaseous phase (and thus faster dispersion) shortly after 
emissions from the fire. 
Levoglucosan concentrations measured at Sites B and C were approximately four times 
higher than that at Site A (Table 5.2), consistent with previous findings that elevated 
levoglucosan concentrations were found in aged smoke plumes (Gao et al., 2003). Possible 
explanations include the pyrolysis of emitted large polymeric organic compounds to smaller 
species such as levoglucosan through heterogeneous reactions with oxidants (Gao et al., 
2003). Although levoglucosan itself may also undergo pyrolysis, its atmospheric lifetime is 
estimated as 10 to 100 hours (Hoffmann et al., 2009; Lai et al., 2014). Considering the plume 
transportation time between sites of only several minutes, the degradation of levoglucosan is 
likely to be negligible. Another reason may be that, during this flaming phase, Site A may 
receive less smoke/emissions compared to Sites B and C due to a downwind transportation of 
the emitted chemicals from the fire that had a relatively higher effective plume height. 
However, from the trend for the concentrations of other substances such as TSP, the above 
scenario may contribute little to observed levels. 
5.3.2 Tropical savannah fires 
Temporal distribution of SVOC emissions. As mentioned, of the 11 air samples collected 
over a 21-day period, samples 2, 3 and 11 were obtained when smoke events impacting the 
sampling site as identified by the increase of CO concentrations. MODIS Terra and Aqua 
satellite images suggested that the smoke event impacting Sample 2 may be due to a cluster 
of fires 100 km southeast of the sampling site while Sample 3 represents contributions from a 
combination of both close and distant fires. The smoke events impacting Sample 11 were 
from multiple close fires (< 10 km). Therefore, unlike the subtropical fire campaign, 
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undertaking measurements for different phases (i.e. flaming and smoldering) of a combustion 
event was impractical for this savannah fire campaign. However, information on emissions 
can still be extracted by comparing the samples that were impacted by close fires with the 
other ones. 
 
Figure 5.2. Atmospheric concentrations of TSP and CO as well as (gaseous + particle-
associated) ∑13 PAHs, ∑18 PCBs and levoglucosan in time series from the tropical savannah 
fire campaign 
The highest values for∑13 PAHs concentrations of 9,500 and 16,000 pg m-3 (gaseous + 
particle-associated) were found in Samples 3 and 11 respectively. A similar profile was 
observed for TSP and CO concentrations (Figure 5.2 and Table S6). The elevation of PAH 
concentrations in Sample 2 (4,500 pg m-3 for ∑13 PAHs) was less prominent, probably 
reflecting degradation and dispersion processes affecting the emitted PAHs during the 
relatively long-distance transportation. In contrast, ∑13 PAHs concentration (mean ± SD) 
from the other 8 samples was 2,400 ± 1,000 pg m-3, with the lowest (980 pg m-3) observed in 
Sample 8 (in which most individual PAHs also had their lowest concentration). Therefore 
PAH (and TSP and CO) concentrations from Sample 8 are treated as campaign background 
levels.  
As seen in Figure S5, compared to Sample 8, relative concentrations of the larger PAHs 
increased in Samples 2, 3 and 11. Concentration enhancements of smaller PAHs were less 
prominent compared to the subtropical forest fire. The distance between the sampling site and 
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the fire edge for the tropical savannah fire event was greater (see Sample 11 in Figure S3 for 
example) compared to the subtropical forest fire event. Therefore these smaller PAHs may 
have been effectively diluted by the ambient air during transportation. ∑13 PAHs 
concentrations correlated strongly with those for CO (r = 0.96) as PAHs are mostly formed 
by incomplete combustion (Jenkins et al., 1996b; Reid et al., 2005). In contrast, levoglucosan 
concentration did not show any discernible temporal trends (Figure 5.2). This may be due to a 
high background level of levoglucosan in the region, which receives plumes originating from 
multiple fires at different distances from the sampling site. 
For other SVOCs (e.g. PCBs as shown in Figure 5.2) no apparent pattern can be discerned 
from the time series (Table S6). The differing predominant emission mechanisms between 
PAHs (formation) and other SVOCs such as PCBs (re-volatilisation) discussed previously 
suggest low pre-accumulated amounts of these other SVOCs in/on plants/soil as the reason 
for the above observation. Possible causes for these low amounts include a lack of sources for 
these other SVOCs nearby this remote sampling site. In addition, in contrast to the Toohey 
Forest event, the frequent burning in the investigated savannah region in northern Australia 
(typically from May to October every year) means a shorter fire return time (FRT), and hence 
a shorter time period for these SVOCs to accumulate again in/on plants/soil if any sources are 
present. This may also explain a previous observation that the tropical biomass burnings were 
found not to be a major source for PCBs in the air in African regions (Gioia et al., 2011), 
where a lack of sources and a short FRT are also typical (van der Werf et al., 2010). 
5.3.3 Estimation of emission factors 
The emission factor (EF) is defined as mass of the compound released to the atmosphere per 
unit mass of fuel consumed by combustion, for a specific chemical (𝑖𝑖):  
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏         (5.1) 
where 𝑀𝑀𝑖𝑖 and 𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the mass of the chemical emitted and the mass of fuel combusted 
in a given time period. One challenge for determining EFs for emitted species with in-situ 
measurements is that the mass of biomass consumed/burnt 𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is typically not 
measureable. An alternative approach is the carbon balance model, based on the fact that the 
total carbon in the fuels has a conserved quantity (close to 50% and varies within a limited 
range between different fuel types) and that more than 85% of the carbon is emitted as CO2 
(Andreae and Merlet, 2001; Meyer et al., 2004). For the subtropical forest fire event, data for 
CO2 concentration were not available while in the tropical savannah fire event the CO2 
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concentration between samples did not show a discernible pattern (Table S6). Therefore a 
second approach was adopted, based on the emission ratios between target chemicals and 
other mass indicators (reference species, including the ones that can be collected on the same 
sampling train as SVOCs), which are assumed to be homogeneously distributed in the fire 
smoke: 
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 ×  𝐸𝐸𝐸𝐸𝑟𝑟𝑠𝑠𝑟𝑟         (5.2) 
where 𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 represents the mass-based emission ratios of compound 𝑖𝑖 relative to the 
reference species, derived from: 
𝐸𝐸𝐸𝐸𝑖𝑖/𝑟𝑟𝑠𝑠𝑟𝑟 = ∆𝐶𝐶𝑖𝑖∆𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 = 𝐶𝐶𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠−𝐶𝐶𝑐𝑐𝑠𝑠𝑟𝑟 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎      (5.3) 
where  𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠 and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are the atmospheric concentrations (mass m-3) of the SVOC or 
reference species in the plume and under ambient (background) conditions respectively. 
𝐸𝐸𝐸𝐸𝑟𝑟𝑠𝑠𝑟𝑟 (mass emitted kg-1 dry fuel) is the EF for the reference species: 
𝐸𝐸𝐸𝐸𝑟𝑟𝑠𝑠𝑟𝑟 = 𝑀𝑀𝑐𝑐𝑠𝑠𝑟𝑟𝑀𝑀𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏         (5.4) 
where 𝑀𝑀𝑟𝑟𝑠𝑠𝑟𝑟 is the mass of reference species emitted from the combustion in a given time 
period. Of the potential options for mass indicators (Andreae and Merlet, 2001), TSP and the 
cellulose combustion product levoglucosan were selected for the subtropical forest fire event 
and TSP and CO for the tropical savannah fire event in this study. EF data for CO of the 
tropical savannah fire event were derived from this campaign (Paton-Walsh et al., 2014; 
Yokelson et al., 1999). EFs for other reference species were sourced from Andreae and 
Merlet (Andreae and Merlet, 2001). For the levoglucosan EF, data from literature related to 
subtropical forest fuel (including eucalyptus) varies from 30 to 1,940 mg kg-1 fuel burnt 
(Oros and Simoneit, 2001b; Schauer et al., 2001). Therefore the value from Andreae and 
Merlet, 2001 (750 mg kg-1) which lies in the middle of this range was adopted.    
It would be desirable to have the EFs estimated for different phases (i.e. flaming and 
smoldering) of fires. However, for the tropical savannah fire event, as mentioned previously, 
smoke plumes reaching the sampling site may originate from multiple fires (and phases). 
Therefore the derived EFs for PAH compounds, using concentrations measured in Samples 
11 and 8 as 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠 and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 respectively, are assumed to reflect the whole combustion 
(flaming + smoldering) process. For the subtropical forest fire event, although our 
concentration data were derived from different combustion phases, available EF data for the 
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reference compounds are typically from the whole fire event (Andreae and Merlet, 2001). 
Therefore an ‘overall’ EF for target SVOCs is derived for this event as well, with 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑠𝑠 the 
mean concentration from phases of flaming and smoldering and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 the pre-event 
concentrations respectively at Site A of the transect. One should bear in mind that some 
SVOCs showed an increased concentration associated with the fire smoke during only one 
combustion phase. This concentration elevation may not be as evident when data from all 
phases are averaged and thus for some of these SVOCs the EF is not calculable. It should be 
also noted that concentrations of TSP and levoglucosan in the smoke may be subject to 
variation resulting from secondary reactions occurring as part of the aging process of emitted 
aerosol (Gao et al., 2003). This may introduce uncertainties to the above EF calculation 
process. Nonetheless, the fire events in this study were within relatively short distances from 
the sampling sites, this impact is expected to be minimal. 
For validation, we firstly applied the above approach to estimate EFs for reference 
compounds themselves. For the subtropical forest fire, the estimated EFs for levoglucosan 
(gas + particle-associated, estimated from TSP) and for TSP (estimated from levoglucosan) 
were 0.78 and 18 g kg-1 dry fuel respectively, agreeing very well with 0.75 and 18 ± 6 g kg-1 
dry fuel from literature data for extratropical forests (Andreae and Merlet, 2001). For the 
tropical savannah fires, the estimated EF value for TSP (from CO) was 5.6 g kg-1 dry fuel, 
also comparable with 8.3 ± 3.2 g kg-1 dry fuel from the literature (Andreae and Merlet, 2001). 
The estimated EF value for CO (from TSP), 96 g kg-1 dry fuel, is slightly higher than the 
mean value from literature for savannah fires (65 ± 20 g kg-1 dry fuel) (Andreae and Merlet, 
2001) but comparable with the one directly obtained in this study (110 g kg-1 dry fuel) 
(Maximilien Desservettaz, Submitted to: Atmospheric Chemistry and Physics (EGU)). 
Overall, these co-validated data support the effectiveness of the above estimation approach. 
The calculated EFs for each chemical (Tables 5.3 & 5.4) are an average of the results 
estimated using the two reference species. 
EFs for PAHs from burning of forest/savannah fuels have largely been investigated under 
simulated conditions, with the fuels sourced mostly from temperate and polar regions (Hays 
et al., 2002; Hosseini et al., 2013; Jenkins et al., 1996a; McMahon and Tsoukalas, 1978; 
Medeiros and Simoneit, 2008; Moltó et al., 2010; Oros et al., 2006; Oros and Simoneit, 
2001a, b). Although some in-situ studies involving actual forest/savannah fires have been 
undertaken (Aurell et al., 2015; Masclet et al., 1995), to the best of our knowledge individual 
PAH EFs estimated from subtropical forest and tropical savannah fires are reported here for 
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the first time. Data from simulated scenarios which may closely resemble actual fires 
(Jenkins et al., 1996a), and also in-situ (Aurell et al., 2015) work have been selected for 
comparison with the results of this current study (Table 5.3).  
Table 5.3. EFs (gaseous + particle-associated) estimated for PAHs (Mean ± SD, µg kg-1 dry 
fuel) from the subtropical forest and the tropical savannah fires with comparisons from 
selected literature 
 Forest fires Savannah fires 
Fuel type Open eucalypt (this study) 
Pine 
(Aurell et 
al.(Aurell et al., 
2015)) 
Pine 
(Aurell et 
al.(Aurell et al., 
2015)) 
Fir and pine 
(Jenkins et 
al.(Jenkins et 
al., 1996a)) 
Eucalypt and grass 
(this study) 
Fuels sourced 
from 
Subtropical 
regions, Australia 
Temperate 
regions, USA 
Temperate 
regions, USA 
Temperate 
regions, USA 
Tropical regions, 
Australia 
Combustion 
method Field Field Open burn facility Wind tunnel Field 
Phe 3,500 ± 83 3,400 3,100 3,300 ± 670 52 ± 4 
Ant 980 ± 23 630 650 580 ± 150 18 ± 1 
Flu 750 ± 18 730 950 1,600 ± 210 260 ± 18 
Pyr 700 ± 17 620 940 1,300 ± 200 260 ± 18 
BaA 240 ± 6 100 290 180 ± 68 150 ± 10 
Chr 320 ± 8 200 310 160 ± 59 190 ± 13 
BbF 88 ± 2 81 160 47 ± 10 180 ± 13 
BkF 48 ± 1 52 160 88 ± 49 62 ± 4 
BeP 100 ± 3 NA NA 39 ± 15 94 ± 7 
BaP 100 ± 2 71 210 27 ± 8 96 ± 7 
I123cdP 98 ± 2 52 130 ND 100 ± 7 
DahA 21 ± 1 4.8 13 ND 24 ± 2 
BghiP 94 ± 2 33 110 1.0 ± 1.0 98 ± 7 
∑13 PAHs 7,000 ± 170 6,100 7,300 7,300 ± 1,500 1,600 ± 110 
Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[a]anthrancene; Chr: chrysene; 
BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene; BeP: benzo[e]pyrene; BaP: benzo[a]pyrene; I123cdP: 
indeno[1,2,3-cd]pyrene; DahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene  
 
Table 5.4. EFs (gaseous + particle-associated) estimated for other SVOCs (Mean ± SD, µg 
kg-1 dry fuel) from the subtropical forest fire# 
Fuel type: open eucalypt 
Fuels sourced from: subtropical regions, Australia 
Combustion method: field 
PCB 52 0.34 ± 0.01 PCN 13 0.088 ± 0.002 Heptachlor 0.24 ± 0.01 
PCB 101 0.62 ± 0.02 PCN 50 0.013 Heptachlor epoxide B 0.17 
PCB 138 0.45 ± 0.01   Dieldrin 12 
PCB 153 0.36 ± 0.01 PBDE 28 0.0024 ± 0.0001 Endrin 0.088 ± 0.002 
PCB 180 0.088 ± 0.002 PBDE 47 0.096 ± 0.002 α-endosulfan 0.33 ± 0.01 
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PCB 77 0.024 ± 0.001 PBDE 99 0.038 ± 0.001 β-endosulfan 0.016 
PCB 105 0.18 PBDE 100 0.014 Endosulfan sulfate 0.033 ± 0.001 
PCB 114 0.014   Permethrin 29 ± 1 
PCB 118 0.44 ± 0.01   HCB^ 0.62 ± 0.02 
PCB 167 0.024 ± 0.001   α-HCH* 0.027 ± 0.001 
PCB 156 0.050 ± 0.001   γ-HCH 0.0082 ± 0.0002 
PCB 157 0.010   Trans-chlordane 1.8 
PCB 189 0.0035 ± 0.0001   Cis-chlordane 0.79 ± 0.02 
∑13 PCBs 2.6 ± 0.1   p,p’-DDT 0.44 ± 0.01 
∑12 dl-PCBs TEQ 
(pg kg-1 dry fuel) 
24 ± 1   o,p’-DDT 0.070 ± 0.002 
    p,p’-DDE 0.20 
    o,p’-DDE 0.0044 ± 0.0001 
    p,p’-DDD 0.064 ± 0.002 
    o,p’-DDD 0.022 ± 0.001 
    DDTs& 0.80 ± 0.02 
#SD for some chemicals are too low to present; ^HCB: hexachlorobenzene; * HCH: hexachlorocyclohexanes; &Refers 
to sum of o,p′ and p,p′ - DDT, o,p′ and p,p′ - DDE and o,p′ and p,p′ - DDD.
 
EFs for 51 compounds were determined from the subtropical forest fire but for the tropical 
savannah fires considerable yields were only observed for those 13 PAH compounds. PAH 
EFs (gaseous + particle-associated) derived from the subtropical eucalypt fire in this study 
are mostly consistent with data of temperate pine and fire fires from selected literature (Table 
5.3). By contrast, EF values estimated for ∑13 PAHs from the subtropical forest fires is 7,000 
± 170 µg kg-1 dry fuel, which is significantly higher than the one estimated for tropical 
savannah fires as 1,600 ± 110 (t test, P < 0.01) (Table 5.3). The EF data for Phe and Ant are 
greater in the subtropical forest fire however those for medium and large PAHs are in general 
comparable between the two types of fires. If an equivalent formation rate is assumed 
between the forest and the savannah fires, then diffusion and degradation of emitted smaller 
PAH compounds before reaching the sampling site during the savannah fires may be 
responsible for the above result.  
Other SVOCs with relatively high EFs (gaseous + particle-associated, µg kg-1 dry fuel) from 
the subtropical forest fire include several legacy POPs such as dieldrin (12), PCBs (2.6 ± 0.1 
for ∑13 PCBs), trans- (1.8) and cis-chlordane (0.79 ± 0.02), DDTs (0.80 ± 0.02), 
hexachlorobenzene (HCB) (0.62 ± 0.02) and α-endosulfan (0.33 ± 0.01) together with the 
emerging pyrethroid pollutant permethrin (29 ± 1) (Table 5.4). The pattern of those POPs that 
have relatively high EFs in this study corresponds with those that have relatively high 
concentrations in ambient air across Australia (Wang et al., 2015). This may reflect the role 
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of plants/soil as a reservoir for these SVOCs (Lammel and Stemmler, 2012; Mueller et al., 
2001) and open-field biomass burning as an important driving force to remobilise them into 
ambient air. The relatively high EF for permethrin also reflects its ongoing and adjacent 
residential use. The EF for ∑12 dl-PCBs TEQ from the forest fire estimated in this study (24 ± 
1 pg kg-1 dry fuel) is some 20% of the figure from burning of the forest fuels sourced from 
the same location a decade ago (Gras et al., 2004). This result is consistent with the decrease 
of PCB concentrations in the ambient environment in Australia over the last decade (Wang et 
al., 2016) and may again reflect the differing predominant emission mechanisms of PAHs 
and PCBs. 
5.4 Implications and recommendations 
The findings in the current study suggest that open-field biomass burning including 
forest/savannah fires can be an emission source for many SVOCs, including not only PAHs 
but many others such as PCBs, PBDEs, PCNs and pesticides. Compared to the subtropical 
forest fire event though, emissions in savannah fires for PCBs, PCNs, PBDEs and pesticides 
are much less, suggesting a need for fire smoke sampling techniques able to accommodate 
this in future studies. Our dataset indicates that biomass burning should be considered for 
inclusion in models that evaluate long-term transport and global fate of SVOCs (Breivik et 
al., 2016; Wania et al., 2006; Wania and Mackay, 1995). Future modelling scenarios should 
also consider the potential effect that for example global climate change may have on 
biomass burning and associated SVOC release in different regions. 
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Chapter 6: Emission factors for selected SVOCs from burning of tropical biomass fuels 
and estimation of annual emissions of these SVOCs from Australian bushfires/wildfires 
Chapter 5 provided valuable datasets on EFs from subtropical/tropical bushfires/wildfires. 
The findings in Chapter 5 also suggest the lower pre-existing loads of SVOCs primarily 
(re)volatilising from vegetation prevent the method utilised in Chapter 5 being used to 
measure them from tropical savannah fires. Hence Chapter 6 employs a specially designed 
smoke sampler to carry out the sampling, collecting smoke samples from directly above the 
fire plumes, therefore minimising any dilution factor. EFs are determined for target SVOCs, 
from burning of various fuels that are common in tropical Australia. Based on the results 
obtained, this chapter provides a first estimate of annual emissions of potentially harmful 
SVOCs from bushfires/wildfires in Australia. 
 
This chapter presents a manuscript submitted to Environmental Science & Technology: 
Wang X., Meyer C. P., Reisen F., Keywood M., Thai P. K., Hawker D. W., Powell J., and 
Mueller J. F., Emission factors for selected semivolatile organic chemicals from burning of 
tropical biomass fuels and estimation of annual Australian emissions. 
Page 137 of 286 
 
Contribution from authors 
 
Contributor Statement of contribution 
Wang, X. (Candidate) 
Study design (30%)  
Field trip and organisation (20%) 
Laboratory analysis (100%)  
Preparation of manuscript (40%)  
C.P. (Mick) Meyer 
Study design (10%)  
Field trip and organisation (50%) 
Preparation of manuscript (10%) 
Fabienne Reisen Field trip and organisation (20%) Preparation of manuscript (5%) 
Melita Keywood Field trip and organisation (5%) Preparation of manuscript (5%) 
Phong K. Thai Study design (20%)  Preparation of manuscript (10%) 
Darryl W. Hawker Preparation of manuscript (20%) 
Jennifer Powell Field trip and organisation (5%) 
Jochen F. Mueller Study design (40%) Preparation of manuscript (10%) 
Page 138 of 286 
 
Emission Factors for Selected Semivolatile Organic Chemicals from Burning of 
Tropical Biomass Fuels and Estimation of Annual Australian Emissions   
Xianyu Wang,a,* C.P. (Mick) Meyer,b Fabienne Reisen,b Melita Keywood,b Phong K. Thai,a,c 
Darryl W. Hawker,d Jennifer Powell,b and Jochen F. Muellera 
 
aQueensland Alliance for Environmental Health Sciences, The University of Queensland, 39 
Kessels Road, Coopers Plains, Queensland 4108, Australia  
bCSIRO Oceans and Atmosphere Flagship, Aspendale Laboratories, 107-121 Station Street, 
Aspendale, Victoria 3195, Australia 
cInternational Laboratory for Air Quality and Health, Queensland University of Technology, 
2 George St, Brisbane City, Queensland 4000, Australia 
dGriffith School of Environment, Griffith University, 170 Kessels Road, Nathan, Queensland 
4111, Australia 
Page 139 of 286 
 
ABSTRACT 
This study reveals that open-field biomass burning can be an important source of various 
semivolatile organic chemicals (SVOCs) to the atmosphere including polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers 
(PBDEs) and a range of pesticides. Emission factors (EFs) for 44 individual SVOCs are 
determined from burning of various fuel types that are common in tropical Australia. 
Emissions of PAHs are found to be sensitive to differences in combustion efficiencies rather 
than fuel types reflecting a formation mechanism. In contrast, revolatilisation may be 
important for other SVOCs such as PCBs. Based on the EFs determined in this work, 
estimates of the annual emissions of these SVOCs from Australian bushfires/wildfires are 
achieved, including for example ∑ PAHs (160 (min) – 1,100 (max) Mg), ∑ PCBs (14 – 300 
kg), ∑ PBDEs (8.8 – 590 kg), α-endosulfan (6.5 – 200 kg) and chlorpyrifos (up to 1,400 kg), 
as well as ∑ dl-PCBs TEQ (0.018 – 1.4 g). Emissions of SVOCs that are predominantly 
revolatilised appear to be related to their use history, with higher emissions estimated for 
chemicals that had a higher historical usage and were banned only recently or are still in use.
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6.1 Introduction 
Open-field biomass burning including agricultural waste burning, peat fires and 
forest/savannah fires is an important source of emissions for a wide range of organic 
pollutants including semivolatile organic chemicals (SVOCs) (Wang et al., 2017). Release of 
these compounds from biomass combustion events involves processes of de novo formation 
(i.e. compounds newly formed from precursors and dependent on combustion conditions) and 
revolatilisation (i.e. thermally stable chemicals remobilised untransformed due to increased 
temperatures).  
Amongst types of open-field biomass burning, forest/savannah fires are dominant on a global 
basis, accounting for 95% of total carbon emissions from this source (van der Werf et al., 
2010). Globally, tropical regions comprise most of the open-field biomass burning area, with 
the largest contribution from (central and southern) Africa and (central and northern) 
Australia (Giglio et al., 2013; van der Werf et al., 2006). Satellite-derived data suggest that, 
from 1996 – 2012, the annual mean area burned across Australia was the highest of any 
individual country, contributing 15% of the global burned area (Tansey et al., 2004; van der 
Werf et al., 2006). Most of these fire-affected areas are in its northern tropical savannah 
woodlands and central and northern arid rangelands (Peel et al., 2007; Russell-Smith et al., 
2007). As such, the contribution of these fires in tropical and arid Australia to the emission of 
harmful/toxic SVOCs is potentially significant. An estimate of these emissions is essential to 
understand the contribution from open-field biomass burning to the environmental burden of 
these chemicals. 
In order to achieve the above estimate for relevant SVOCs, it is first necessary to 
measure/determine their emission factors (EFs), which is defined as mass of the compound 
released to the atmosphere per unit mass of fuel consumed by combustion. The typical 
approach is through sampling the fire smoke emissions from burning of known amount of 
biomass. Investigations on measuring SVOC EFs from tropical biomass have been carried 
out to some extent for polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and 
dioxin-like (dl) polychlorinated biphenyls (PCBs) (Black et al., 2011; Gullett and Touati, 
2003; Meyer et al., 2004; Prange et al., 2003). It has also been recognised that during biomass 
burning many other SVOCs such as polycyclic aromatic hydrocarbons (PAHs) and pesticides 
can be released (Frenklach, 2002; Genualdi et al., 2009; Primbs et al., 2008b; Reid et al., 
2005). However, relevant EF data for PAHs are mostly limited to extratropical fuels while 
data for tropical biomass fuels are scarce (Masclet et al., 1995; Wang et al., 2017). There is 
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essentially no relevant data for other SVOCs such as pesticides and polybrominated diphenyl 
ethers (PBDEs). 
The aim of this study was to determine the EFs for a wide range of SVOCs from burning 
various fuel types that are common in tropical Australia. With this data, the present study also 
provides a first estimate of the annual emissions of many SVOCs from tropical Australian 
bushfires/wildfires. 
6.2 Materials and methods 
Sample collection. The study was conducted at the Mornington Sanctuary, a 3,500 km2 
nature reserve in the Kimberly region of Western Australia (17°31′44″ S, 126°6′12″ E) 
(Meyer and Cook, 2015). The region is typical of Australia’s open savannah woodlands and 
receives between 600 and 1,000 mm annual rainfall (Meyer and Cook, 2015). There is a lack 
of current local anthropogenic sources for SVOCs in the area contributing to the biomass-
loading concentrations of these chemicals. Therefore we expect the sampling site (and 
emissions of SVOCs of interest from combustion of fuels naturally growing in the vicinity) to 
be representative of Australia’s most fire-prone areas, i.e. relatively unpopulated northern and 
central Australia. The vegetation comprises sparsely distributed trees less than 10 m in height 
(various Eucalyptus spp. and Corymbia spp.) with an understorey of hummock grasses 
(spinifex, Triodia spp.) and annual and perennial tussock grasses. Hummock grasses 
dominate the less fertile areas while tussock grasses tend to occur mainly on the richer 
volcanic and alluvial soils. Test burns were conducted at a location close to the sources of the 
fuels whose emissions we aimed to investigate. The biomass fuels used in this study 
comprised eucalypt leaf litter, eucalypt coarse woody debris, spinifex and tussock grasses.  
Measurements were conducted in August 2013, using a high volume smoke sampler with a 
sampling rate of approximately 1 m3 min-1. Details of the sampler design have been published 
elsewhere (Black et al., 2011; Meyer et al., 2004) and a schematic diagram is provided as 
Figure S1 in the Supporting Information (SI). To minimise dilution from background/ambient 
air, smoke samples were collected directly above the fire plume (see Figure S2 in the SI as an 
example). Particle-associated chemicals were collected on a quartz fibre filter (QFF, 203 × 
254 mm) and gaseous chemicals separately collected on two subsequent 130 mm diameter 
polyurethane foam (PUF) plugs (51 and 25 mm thicknesses for the front and back PUFs, 
respectively). A small bypass airflow was drawn into the associated carbon monoxide (CO) 
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and carbon dioxide (CO2) analyser (Gascard II, Edinburgh Instruments, Edinburgh, UK) to 
determine their concentrations (Figure S1). 
The fuels of interest were collected from the surrounding undisturbed vegetation class 
immediately prior to each test and burned on an open hearth (within an area of 2 m2 and a 
height of 0.2 m) in beds constructed to approximate their undisturbed state and density. 
Smoke samples were taken from above the fire using the high volume sampler. The height of 
the sampling hood was adjusted throughout each test to ensure that surface temperatures of 
the hood were less than 200 °C to minimise the risk of formation artefacts on the sampler 
surface, and that smoke levels (assessed by the CO2 and CO concentrations) remained within 
measurement range. In total, 11 smoke samples were collected with the sampling duration 
ranging from 18 to 80 min for each sample (Table S1). For the flaming samples, fuel was fed 
into the hearth at the rate required to maintain the desired intensity of the flaming phase. 
Collected QFF and PUF samples were stored at -25 °C until analysis. 
Chemical analysis. Details of chemical analysis are provided in Section 2 in the SI. Briefly, 
the mass of total suspended particles (TSP) within each sample was determined using a 
gravimetric method. The collected QFFs and PUFs were spiked with a solution containing 7 
deuterated PAHs, 18 13C-PCB congeners, 7 13C-PBDE congeners and 14 13C-labelled 
pesticides at different levels as internal standards for quantification purposes (Table S2). QFF 
and PUF samples (both plugs combined) were then separately extracted in a Dionex ASE 350 
Accelerated Solvent Extractor (Thermo Fisher Scientific) using n-hexane and acetone (1:1, 
v/v). Each extract was split 40%/40%/20% (v/v/v). The first aliquot (40%, F1) was cleaned 
up and analysed for non-acid resistant compounds (i.e., the analytes that would not survive 
the cleanup procedures involving concentrated sulfuric acid treatment) targeting 13 PAHs 
and 13 pesticides. The second (40%, F2) was for acid resistant compounds targeting 18 PCB 
congeners, 14 polychlorinated naphthalene (PCN) congeners, 14 other pesticides and 7 PBDE 
congeners. The third (20%, F3) was analysed for the biomass burning tracer levoglucosan. 
The full chemical list is provided in Table S2 in the SI. 
Aliquots F1, F2 and F3 were analysed separately for the respective target compounds using a 
Thermo 1310 gas chromatograph coupled to a DFS Magnetic Sector high-resolution mass 
spectrometer (GC-HRMS). The HRMS was operated in electron impact-multiple ion 
detection (EI-MID) mode and resolution was set to ≥ 10,000 (10% valley definition).  
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Quality assurance and quality control (QA/QC). Details on QA/QC are provided as 
Section 3 in the SI. Briefly, breakthrough effects were monitored for each sample. Solvent, 
matrix and field blank samples were integrated within sample batches and accounted for 
about 30% of the total sample numbers. Method detection limits (MDLs) were defined as the 
average field blank plus three times the standard deviation. If the relevant compounds could 
not be detected within the field blank samples, MDLs were determined based on half the 
instrument detection limits. MDLs are typically < 1 ng m-3 for PAH analytes and < 10 pg m-3 
for other SVOCs as detailed in Table S3 for individual chemicals. 
Derivation of emission factors. EFs are derived using the carbon-balance model, which 
assumes that the total carbon in the fuels is a conserved quantity. Its principles are based on 
the work of Andreae and Merlet, 2001 and Meyer et al., 2004. 
The model or approach can be expressed by the following equation: 
𝐸𝐸𝐸𝐸𝑖𝑖 = ∆𝐶𝐶𝑖𝑖∆𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 × 𝐶𝐶𝐶𝐶 = 𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑐𝑐𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎 × 𝐶𝐶𝐶𝐶     (6.1) 
where 𝐸𝐸𝐸𝐸𝑖𝑖 is the emission factor (mass analyte kg-1 fuel) for a specific compound or 
compound group 𝑖𝑖, 𝐶𝐶𝐶𝐶 represents the fuel carbon content and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 and 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are the 
atmospheric concentrations (mass m-3) of the chemical or carbon under combustion 
conditions and ambient (background) conditions respectively.  
Typically, the carbon content of dry biomass fuel is close to 50% and varies only within a 
limited range between different fuel types. During the combustion process, more than 85% of 
the carbon is emitted as CO2 (Meyer et al., 2004). Therefore for simplicity we approximated 
the mass of emitted carbon to be the mass of C in emitted CO2 (CO2-C). This will lead to a 
slight overestimate of EF but is well within the typical uncertainty of SVOC analysis (RSD of 
20 – 50% for replicate QC samples fortified with analyte of interest) (US-EPA, 1999, 2007a, 
b, 2008). The above equation is thus simplified to: 
𝐸𝐸𝐸𝐸𝑖𝑖 = 𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠−𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑐𝑐𝑎𝑎 × 0.5       (6.2) 
where 𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 and 𝐶𝐶𝐶𝐶𝐶𝐶2 𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑠𝑠𝑛𝑛𝑡𝑡 are concentrations of CO2-C (mass m-3) in the smoke and 
ambient air respectively.  
The Mornington Sanctuary sampling site is considered remote as mentioned, which means a 
potentially low level of SVOCs in the ambient air. Taking some other remote sites in northern 
Australia as examples, PCB concentrations in air are reported as typically some hundred 
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femtograms per cubic metre (Wang et al., 2015). Obtaining reliable results for ambient levels 
of these SVOCs at the Mornington Sanctuary sampling site would then be expected to require 
a sampling duration of 12 – 24 hours. Due to the logistical challenges of operating the 
sampler for an extended time at this site, we decided not to collect background samples 
directly within this sampling campaign. Instead, background atmospheric concentration data 
for SVOCs and CO2 refer to those from a study based on another remote site in the Northern 
Territory, Australia, namely the Australian Tropical Atmospheric Research Station (ATARS, 
12°14'56.6"S, 131°02'40.8"E) which provides better access to power supply and shelter for 
both personnel and equipment. These data were obtained in the year of 2014, using high 
volume air samplers (for SVOCs) and a high precision Fourier Transform Infrared trace gas 
and isotope analyser (for CO and CO2, Spectronus, Ecotech Pty. Ltd., Knoxfield, Australia). 
Samples identified as not being impacted by fire events were used. These were analysed in 
the same laboratory and using the same methods as those for the smoke plumes in the current 
work. (See details in Wang et al., 2017). 
6.3 Results and discussion 
6.3.1 Detection and concentrations of SVOCs in smoke samples 
Overall, 47 out of the 79 targeted chemicals were detected in over half of the samples, 
including all the PAH analytes, most PCB and PBDE congeners, some of the pesticides such 
as α-endosulfan, chlorpyrifos and hexachlorobenzene (HCB), and some PCN congeners. 
Concentrations of most of these SVOC analytes (44 out of 47), as well as TSP and the 
cellulose combustion product levoglucosan in the smoke samples were considerably higher 
(mostly by ten to thousand times) than background levels (Table S4 in the SI), suggesting 
combustion of these fuels represents an important source of these SVOCs to the atmospheric 
environment. 
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Table 6.1. Emission factors of TSP (g kg-1 fuel burnt) and gaseous + particle-associated levoglucosan (g kg-1 fuel burnt), selected target SVOCs 
(µg kg-1 fuel burnt) from burning of different fuels. For dioxin-like PCBs, the emission factor is expressed on the basis of ∑ dl-PCBs TEQ (pg 
kg-1 fuel burnt). Also shown is the modified combustion efficiency (MCE) 
 Spinifex Tussock grasses Eucalypt leaf litter Eucalypt coarse woody debris 
 Short flaming 
Long 
flaming 
Long flaming 
+ smoldering 
Short 
flaming 
Long flaming 
+ smoldering Full-course Flaming Smoldering 
Flaming + 
smoldering Flaming Smoldering 
TSP 8.6 24 11 2.7 7.4 7.2 4.2 24 12 3.2 31 
Levoglucosan 0.082 0.21 0.090 0.0086 0.047 0.029 0.034 0.17 0.045 0.012 0.24 
∑ PAHs(a) 3,800 3,500 3,700 560 640 2,700 880 2,500 780 680 2,600 
∑ PCBs(b) 0.33 1.1 0.39 0.085 0.14 0.12 0.10 0.21 0.050 0.059 0.16 
∑ PCNs(c) 0.011 0.0088 0.0059 0.0047 0.0022 0.011 0.0012 0.0070 0.0011 0.00066 0.0025 
∑ PBDEs(d) 0.58 2.1 0.42 0.092 0.15 0.094 0.057 0.19 0.031 0.081 0.14 
HCB 0.045 0.089 0.029 0.011 0.015 0.023 0.013 0.049 0.024 0.022 0.042 
γ-HCH 0.040 0.10 0.093 0.014 0.013 0.012 0.024 0.015 0.0015 0.0084 0.016 
p,p’-DDE 0.0067 0.021 0.0056 0.0016 0.0019 0.0038 0.00115 0.0021 0.00050 0.00068 0.00059 
α-endosulfan 0.67 0.46 0.73 0.10 0.091 0.19 0.067 0.52 0.12 0.064 0.023 
Chlorpyrifos NA 3.9 0.21 1.1 NA 0.34 NA 5.1 1.8 NA NA 
∑ dl-PCBs TEQ(e) 1.2 5.0 1.6 0.18 0.33 0.16 0.15 0.28 0.068 0.064 0.22 
MCE(f) 0.954 0.935 0.927 0.980 0.972 0.923 0.973 0.936 0.961 0.986 0.917 
(a) Refers to sum of phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthrancene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (I123cdP), dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP) data; 
(b) Refers to sum of data for congeners 28, 52, 101, 138, 153, 180, 77, 105, 114, 118, 156, 157 and 167; (c) Refers to sum of data for congeners 13, 27 and 28+36; (d) Refers to sum of data 
for congeners 28, 47, 99, 100 and 154; (e) Refers to sum of TEQ data for congeners 77, 105, 114, 118, 156, 157 and 167; (f) Three significant numbers applied 
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6.3.2 Group- and compound-specific emission factors for SVOCs 
EF values were calculated for each chemical group and the 44 individual chemicals that were 
detected in over half of the samples and had concentrations considerably higher than 
background levels (Tables 6.1 and S5). As a group, PAHs had the highest emission factors, 
ranging from 560 to 3,800 µg kg-1 fuel burnt for ∑ PAHs depending on the fuel and 
combustion conditions. The individual compound with the highest EF was phenanthrene 
(Phe, 200 – 1,300 µg kg-1 (Table S5)). Other SVOCs/SVOC groups with relatively high EFs 
(µg kg-1 fuel burnt) were ∑ PCBs (0.050 – 1.1), ∑ PBDEs (0.031 – 2.1), and amongst 
pesticides, α-endosulfan (0.023 – 0.73) and chlorpyrifos (up to 5.1). Overall, the variation in 
EF data from all samples was less with PAHs than other SVOC groups. For example, the 
ratio of the highest to the lowest EF for ∑ PAHs is approximately 7, compared to the one of 
22 for ∑ PCBs.  
Variability in SVOC emissions is often discussed within two contexts: variability arising 
from combustion chemistry (i.e. inherent fuel chemical composition and the characteristics of 
the combustion event) and variability that arises from the revolatilisation of relatively stable 
SVOCs that have previously deposited on the fuel from other sources. With the former, we 
expect to see variability between combustion types and fuel types rather than within these 
types; with the latter we would expect to see variability within both combustion and fuel 
types. 
Emissions of PAHs from biomass burning are mainly through de novo formation processes 
(for example from aliphatic precursors such as propargyl moieties forming intermediate 
cyclopentadienyl radicals) (Frenklach, 2002). Given there is limited variation in the carbon 
content of the fuels of interest, we should expect to see variation in PAH emissions associated 
with combustion types rather than with fuel types. The emission profile of PAHs produced 
during combustion is related to the relative completeness of the oxidation process, commonly 
expressed as the modified combustion efficiency (MCE, shown for each sample in Table 
6.1): 
𝑀𝑀𝐶𝐶𝐸𝐸 =  ⌈𝐶𝐶𝐶𝐶2⌉[𝐶𝐶𝐶𝐶]+[𝐶𝐶𝐶𝐶2]         (6.3) 
where [𝐶𝐶𝐶𝐶] and [𝐶𝐶𝐶𝐶2] are the mass number of moles of each measured during the collection 
of a sample. Increased levels of the former are associated with reduced combustion 
efficiency. 
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Both of EF for PAHs and EF for levoglucosan are correlated negatively with MCE (Figure 
6.1, p < 0.01, r2 = 0.62 for PAHs and p < 0.05, r2 = 0.50 for levoglucosan). This result is 
consistent with the fact that PAHs are products of incomplete combustion and thus their 
emissions are sensitive to differences in combustion efficiencies (Jenkins et al., 1996). For 
levoglucosan, any material during the combustion process may subsequently break down 
more readily during the vigorous flaming conditions associated with increased MCE (Gao et 
al., 2003).  
 
Figure 6.1. Correlations between EFs of ∑ PAHs and levoglucosan with MCE for all 
samples 
By contrast, we found no consistent correlation between EF and MCE for any other SVOC 
group. As mentioned, these chemicals can be adsorbed/absorbed by biomass (Barber et al., 
2002; McLachlan, 1999; Mueller, 1997; Nizzetto et al., 2014). During biomass burning, 
flame tip temperatures can exceed 700 °C (Koppmann et al., 2005; Tomkins et al., 1991), 
with mean temperatures typically being around 200 – 300 °C (Meyer et al., 2004). Due to 
their relatively high thermal stabilities and semivolatile nature (Mackay et al., 1997), these 
pre-existing SVOCs such as PCBs can be remobilised and emitted largely untransformed to 
the atmosphere. Some pesticides such as chlorpyrifos have lower thermal stability (Bush et 
al., 2000) but a portion may have also survived this thermal process and been emitted to the 
atmosphere (Wang et al., 2017). Indeed, a range of studies has reported elevated 
concentrations of various SVOCs associated with smoke from open-field biomass burning 
(Eckhardt et al., 2007; Genualdi et al., 2009; Primbs et al., 2008a; Primbs et al., 2008b). The 
derived EF data being uncorrelated with MCE is then consistent with a different major 
emission mechanism for these chemicals, namely revolatilisation. The relatively large 
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variation of EFs for these chemicals may then reflect, amongst other factors, the difference in 
pre-accumulated amounts in/on biomass.  
EFs for individual PCB congeners were greatest for indicator congeners such as PCB 28 
(2,4,4'-trichlorobiphenyl). These congeners are mono- and di-ortho substituted compounds, 
found in relatively large proportions in technical mixtures, often present in environmental 
samples and in these, regarded as a marker of PCB contamination (Kim et al., 2004). 
Amongst PBDE analytes, 2,2',4,4'-tetrabromodiphenyl ether (PBDE 47) and 2,2',4,4',5-
pentabromodiphenyl ether (PBDE 99) typically had the highest EF values. These compounds 
contribute approximately 72% to the composition of the penta-BDE commercial mixture that 
was added to Annex A of the Stockholm Convention in 2009 (Graf et al., 2016). Importation 
of PCBs and PBDEs to Australia ceased in 1975 and 2005 respectively (and they were never 
manufactured in Australia) (Department of the Environment and Engergy Web site, accessed 
Jan 10, 2017). However these congeners are typically regarded as being environmentally 
persistent and capable of long-range atmospheric transport (LRAT) (Drage et al., 2015; 
Wania and Mackay, 1993). Historical uses of such congeners in Australia may have therefore 
resulted in their distribution to this remote site via LRAT followed by deposition on plants 
and soil (from where the plant can uptake a portion of these SVOCs).   
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Table 6.2. Comparisons of EF data for PAHs (mean ± SD for gaseous + particle-associated phases, µg kg-1 fuel burnt) derived from this study 
and other published data. The full dataset is provided in Table S6 in the SI 
Open burning and actual fires 
Fuel type 
Spinifex, tussock 
grasses and eucalypts 
(n = 11) (this study) 
Eucalypt and grass 
(n = 2) (Wang et al., 
2017) 
Open eucalypt 
(n = 2) (Wang et al., 
2017) 
Pine 
(n = 1) (Aurell et 
al., 2015) 
Fir 
(n = 11) (Aurell et al., 2017) 
Conifers, Pine, Juniper, 
Oak and deciduous trees 
(n = 8) (Medeiros and 
Simoneit, 2008)(b) 
Fuel source Tropical Australia Tropical Australia Subtropical Australia Temperate USA Temperate USA Temperate and semi-arid USA 
Combustion method Open burning Actual fire Actual fire Actual fire Open burning Open burning 
BaP 42 ± 32 96 ± 7 100 ± 2 71 630 ± 670 2,000 ± 730 
∑ PAHs(a) 2,000 ± 1,300 1,600 ± 110 7,000 ± 170 6,100 (Without BeP) 
19,000 ± 18,000 
(Without BeP) 
41,000 ± 7,200 
(Without DahA) 
Simulated burning and fires 
Fuel type 
Pine needles 
(n = 6) (McMahon 
and Tsoukalas, 
1978)(b) 
Fir and pine 
(n = 4) (Jenkins et al., 
1996) 
Land-clearing debris 
(n = 6) (Lemieux et al., 
2004; Lutes and Kariher, 
1996)(c) 
Beech 
(n = 3) (Lee et al., 
2005)(b) 
Pine needles and cones 
(n = 4) (Moltó et al., 2010)(c) 
Miscellaneous 
(n = 77) (Hosseini et al., 
2013)(b) 
Fuel source Temperate USA Temperate USA Temperate USA Temperate UK Temperate Spain Temperate USA 
Combustion method Combustion room Wind tunnel Burning simulator Fire testing chimney Horizontal tubular reactor Air-conditioned chamber 
BaP 740 ± 1,200 27 ± 8 290 ± 50 600 ± 140 4,100 ± 4,100 200,000 ± 44,000 
∑ PAHs(a) 28,000 ± 40,000
 
(Without DahA) 7,300 ± 1,500 
6,400 ± 760 
(Without Phe, Ant, BeP) 6,800 ± 1,300 
500,000 ± 280,000 
(Without BeP) 
3,900,000 ± 2,300,000 
(Without BeP) 
(a) Refers to sum of phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthrancene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (I123cdP), dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP) data; 
(b) Particle-associated phase only; (c) Gaseous phase only. 
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Table 6.3. Comparisons of EF data for selected other SVOCs/SVOC groups (mean ± SD for gaseous + particle-associated phases, µg kg-1 fuel 
burnt) including ∑ dl-PCBs (pg (TEQ) kg-1 fuel burnt) derived from this study and other published data. The full dataset is provided in Tables S7 
and S8 in the SI 
Fuel type 
Spinifex, tussock 
grasses and eucalypts 
(n = 11) (this study) 
Savannah 
woodland 
(n = 4) (Meyer 
et al., 2004) 
Eucalypt 
woodland 
(n = 4) (Meyer et 
al., 2004) 
Open eucalypt 
(n = 2) (Wang et al., 
2017) 
Sclerophyll eucalypt 
(n = 11) (Meyer et 
al., 2004) 
Boreal forest 
(n = 1) 
(Eckhardt et al., 
2007) 
Pine needles 
and cones 
(n = 4) (Moltó 
et al., 2010)(e) 
Beech 
(n = 3) (Lee 
et al., 2005) 
Fuel source Tropical Australia Tropical Australia 
Subtropical 
Australia 
Subtropical 
Australia Temperate Australia 
Temperate/Polar 
USA 
Temperate 
Spain 
Temperate 
UK 
Combustion method Open burning Open burning Open burning Actual fire Open burning At receptor sites (4000 km away) 
Horizontal 
tubular reactor 
Fire testing 
chimney 
∑ non-dl-PCBs(a) 0.22 ± 0.24   1.7  43  0.11 
∑ dl-PCBs(b) 0.026 ± 0.043 0.14 ± 0.04 0.13 ± 0.09 0.74 ± 0.02 0.32 ± 0.18  1.0 ± 0.9 0.020 
∑ dl-PCBs TEQ(b) 0.84 ± 1.40 90 ± 110 89 ± 63 24 ± 1 74 ± 44  7,600 ± 5,900 20 ± 3 
∑ PCNs(c) 0.0051 ± 0.0037   0.061 ± 0.001     
∑ PBDEs(d) 0.36 ± 0.58   0.15     
α-endosulfan 0.28 ± 0.25   0.33 ± 0.01     
(a) Refers to sum of data for congeners 28, 52, 101, 138, 153 and 180; (b) Refers to sum of data for congeners 77, 81, 126, 169, 105, 114, 118, 123, 156, 157, 167 and 189; (c) Refers to sum 
of data for congeners 13, 27, 28, 36, 46, 48, 50, 52, 53, 66, 69, 72, 73, 75; (d) Refers to sum of data for congeners 28, 47, 99, 100, 153, 154 and 183; (e) Gaseous phase only.
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6.3.3 Comparisons with published data 
For comparison, EF data for PAHs, PCBs, PCNs, PBDEs and pesticides derived from this 
study and reported in the literature are presented in Tables 6.2 and 6.3 (with details provided 
in Tables S6 - S8 in the SI). EF values for PAHs based on in-situ measurements (i.e. from 
open burning or actual combustion events) are mostly consistent between the current study 
and the literature for tropical savannah fires, subtropical eucalypt fires and temperate pine 
fires. The relatively higher EFs from Medeiros and Simoneit, 2008 may be partly associated 
with the particular combustion conditions in which the fuels were ‘burned completely’. The 
large variation of the data from Aurell et al., 2017 is due to the different pre-treatment of the 
fuels between experiments, including the one that the piled fuels were left uncovered 
throughout the summer season which was classified as ‘Wet piles’ and in general had 
relatively higher EFs compared to the ‘Dry piles’. On the other hand, EFs vary greatly (by 
three orders of magnitudes for ∑ PAHs) if derived from the use of burning facilities such as 
simulators and wind tunnels. These facilities aim to simulate actual fires and have advantages 
of that the mass of fuel burnt can be easily measured. But they typically control parameters 
such as airflow and temperature during combustion processes, which may impact the 
combustion efficiencies. The variations of EFs shown in Table 6.2 thus confirm that 
emissions of PAHs from biomass burning are more sensitive to differences in combustion 
efficiencies and hence methods/facilities (rather than fuel type).  
In contrast, EF values for PCB and PCN congeners derived from this study were mostly 
lower compared to recent data from burning forest fuels in temperate regions of the Northern 
Hemisphere (Table 6.3). EFs for ∑PCBs and ∑PCNs from tropical biomass burning are also 
one order of magnitude lower than contemporary EF data from subtropical eucalypt fires in 
Australia (Wang et al., 2017). Given a potential emission mechanism for these SVOC groups 
of revolatilisation as discussed above, this may reflect the global geographic distribution of 
these chemicals in secondary sources including plants/soil (Lammel and Stemmler, 2012; 
Meijer et al., 2003; Wania and Mackay, 1993). Furthermore, more frequent burning typically 
observed in tropical regions means a shorter fire return time (FRT) (van der Werf et al., 
2010), resulting in a reduced time period for these SVOCs to accumulate again in/on 
plants/soil (e.g. as a result of atmospheric deposition) compared to temperate or subtropical 
regions. When comparing the EFs for ∑12 dl-PCBs TEQ with those from burning of 
Australian tropical fuels by Meyer et al. (Table 6.3) measured in 2002/03 (Meyer et al., 
2004), the new measurements were significantly lower (paired t test, p < 0.01), suggesting 
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decreasing biomass-loading of this SVOC group over the last decade. This mirrors the phase-
out of these chemicals as discussed above and further supports the hypothesis that the main 
emission mechanism for PCBs is revolatilisation rather than de novo formation.  
There is essentially no published EF data for PBDEs and pesticides from burning of tropical 
biomass. Wang et al. determined relevant EFs from subtropical eucalypt forest in Australia 
(Table 6.3), which reported comparable values for ∑PBDEs from an anthropogenically 
influenced site in urban area in Brisbane (Wang et al., 2017). This may indicate potential de 
novo formation of PBDEs during fires (since there is no obvious reason why the remote site 
in this study should have a relatively high burden of PBDEs) contributing partly to the 
emissions or alternatively that there is relatively low fuel contamination in the Brisbane urban 
area. Comparable EFs were also measured for some pesticides such as α-endosulfan. This 
suggests similar levels of fuel contamination, probably from LRAT originated from 
agricultural use (e.g. on cotton (Wang et al., 2015)), for both sites. 
6.3.4 Estimation of SVOC emissions from Australian bushfires/wildfires 
Based on the emission factors (𝐸𝐸𝐸𝐸𝑖𝑖) derived from this study for chemical species/group 𝑖𝑖 and 
mass of relevant vegetation combusted per annum, 𝑀𝑀, the annual emitted amounts (𝐸𝐸𝑖𝑖) of 𝑖𝑖 
from fires can be estimated using: 
𝐸𝐸𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖 × 𝑀𝑀          (6.4) 
Mass of vegetation combusted (𝑀𝑀) (kg) can in turn be derived from the following 
expression: 
𝑀𝑀 = 𝐴𝐴 × 𝐵𝐵 × 𝑐𝑐         (6.5) 
Here, A represents the extent of burned areas (km2) per year, 𝐵𝐵 is the biomass density (kg km-
2) and 𝑐𝑐 the combustion completeness (van der Werf et al., 2006). As mentioned previously, 
over 90% of fire affected areas in Australia are located in its sparsely-populated tropical and 
arid regions. We therefore assume that all major fires in Australia are from tropical/arid 
biomass burning and the types of fuels investigated in the current study and derived EFs are 
representative. Based on the work of van der Werf et al., 2006 and Giglio et al., 2013, values 
of 5.0 × 105 km2 for A, 7.1 × 105 kg km-2 for 𝐵𝐵 and 79% for 𝑐𝑐 respectively are used for 
Australia. 
Table 6.4. Estimated annual emissions of selected target SVOCs (gaseous + particle-
associated). The full dataset for individual chemicals is provided in Table S9 in the SI 
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 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
∑ PAHs (Mg)(a) 160 1,100 700 570 ± 380 440 (260 – 750) 
∑ PCBs (kg)(b) 14 300 39 69 ± 79 45 (25 – 83) 
∑ PCNs (kg)(c) 0.18 3.0 1.3 1.4 ± 1.0 0.98 (0.50 – 1.9) 
∑ PBDEs (kg)(d) 8.8 590 38 100 ± 160 46 (21 – 100) 
HCB (kg) 3.2 25 6.6 9.2 ± 6.4 7.7 (5.0 – 12) 
γ-HCH (kg) 0.42 28 4.1 8.5 ± 9.1 5.0 (2.3 – 11) 
p,p’-DDE (kg) 0.14 6.0 0.53 1.2 ± 1.6 0.60 (0.28 – 1.3) 
α-endosulfan (kg) 6.5 200 33 77 ± 71 46 (22 – 99) 
Chlorpyrifos (kg) NA 1,400 58 310 ± 510 NA 
∑ dl-PCBs TEQ (g)(e) 0.018 1.4 0.062 0.24 ± 0.41 0.090 (0.036 – 0.22) 
(a) Refers to sum of phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthrancene 
(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), 
benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (I123cdP), dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene 
(BghiP) data; (b) Refers to sum of data for congeners 28, 52, 101, 138, 153, 180, 77, 105, 114, 118, 156, 157 and 167; (c) 
Refers to sum of data for congeners 13, 27 and 28+36; (d) Refers to sum of data for congeners 28, 47, 99, 100 and 154; 
(e) Refers to sum of TEQ data for congeners 77, 105, 114, 118, 156, 157 and 167; 
 
The estimated emissions of ∑ PAHs from Australian bushfires/wildfires range from 160 – 
1,100 Mg per year (Table 6.4), consistent with a previous estimate (of 680 Mg per year) from 
multiple potential sources in Australia in the year of 2007 (Shen et al., 2013). Additionally, 
emissions from motor vehicles for these PAHs in Australia have been estimated to have 
decreased from 80 Mg in 1975 to 33 Mg in 1995 and 2.7 Mg in 2015 (Shen et al., 2011). 
Emissions of PAHs from bushfires/wildfires, on the other hand, may have remained relatively 
constant over this time period, since contemporary annual burning areas have been regarded 
as remaining relatively unchanged globally (Mouillot and Field, 2005) and in Australia 
(Australian Forest Products Association, 2014). Therefore, the relative importance of 
bushfires/wildfires as an emission source for PAHs in Australia may have increased. 
For the industry-related chemicals, emissions of ∑ PCBs and ∑ PBDEs are estimated as 
ranging from 14 – 300 and 8.8 – 590 kg per year respectively. Emissions of ∑ dl-PCBs TEQ 
from Australian bushfires/wildfires are estimated as 0.018 – 1.4 g per year in the current 
study, lower than that reported by Meyer et al., 2004 from bushfires in Australia in 2001 (7.7 
g per year) based on EFs measured in 2002/03. This difference mainly corresponds to the 
new lower EFs as discussed previously. The relatively lower emissions of PCNs (0.18 – 3.0 
kg per year) mirror their limited historic uses in Australia (Department of Health Australian 
Government Web site, accessed Jan 1, 2017). 
Among pesticides, it appears that biomass burning in the form of bushfires/wildfires emits a 
greater amount of those that are currently in use (e.g. chlorpyrifos (up to 1,400 kg per year)) 
Page 154 of 286 
 
or recently banned (e.g. α-endosulfan (Australian Pesticides and Veterinary Medicines 
Authority, 2010) (6.5 – 200 kg per year)). By contrast, reduced amounts are estimated for 
chemicals whose use has been phased out many years ago. For example, emissions of HCB, 
which has been banned for most uses since 1972 (Barber et al., 2005), are estimated as only 
3.2 – 25 kg per year. Pesticides can be released into the atmosphere as a result of their 
agricultural and/or residential applications. For example, within the first week after 
agricultural application, 70 – 80% of applied chlorpyrifos and endosulfan can be volatilised 
into the atmosphere (National Registration Authority for Agricultural and Veterinary 
Chemicals, 2000; Pesticides and Authority, 2005). It has been estimated that up to 70 tonnes 
of endosulfan was released into the atmosphere annually via this volatilisation process within 
Australia (National Registration Authority for Agricultural and Veterinary Chemicals, 1998). 
Some of these chemicals then have the potential to (re)distribute to distant areas through 
LRAT and accumulate in/on plants/soil in remote areas such as the sampling site (of 
Mornington Sanctuary) in the current study. Burning of the biomass then acts as an emission 
source for these chemicals. Another potential source may be any residues from the historical 
on-site use of pesticides before 2001, when Mornington Sanctuary was a working beef cattle 
station (Department of the Environment and Engergy Web site, accessed Jan 10, 2017). 
However, the use of pesticides would be expected to be less intensive in such pastoral 
activities compared to arable farms (McDowell, 2008).  
6.4 Implications and recommendations 
This study reveals that biomass burning in tropical regions of Australia is an important 
environmental source for PAHs. Its relative importance may have actually increased over the 
last decades due to effective control strategies applied to other sources, e.g. vehicular 
emissions. For predominantly (re)volatilised legacy contaminants such as PCBs, the data 
from this study indicate decreased emissions from biomass burning since the phase-out of 
these chemicals. For PBDEs and pesticides such as chlorpyrifos, this study has established a 
baseline level for future studies. Further investigations expanded to broader locations/regions 
are needed to quantify the contribution from this source type to global emission inventories 
for SVOCs. 
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Chapter 7: Final discussion and outlook 
7.1 Review of key outcomes from this PhD project 
7.1.1 Better understanding of the role of bushfires/wildfires – cannot rely on that ‘let’s just 
go and sample the fire smoke’  
Overall, the findings of this project suggest that emissions from bushfires/wildfires include a 
wider spectrum of pollutants than previously thought. It was the tool we used in the past that 
limited our understanding. For example, early attempts of identifying the emissions of 
pesticides from biomass burnings initiated in the 1980s to 1990s mostly reported negative 
results (Bush et al., 2000). One of the common interpretations was that pesticides such as 
hexazinone and chlorpyrifos may mostly be destroyed by the fires. But in this project, from 
the design of the campaign in Chapter 5, the findings imply that the estimation would be 
biased if we simply sample through the fire event. Over the whole fire event, it is the smoke 
from ignition, flaming and smoldering that is sampled. In the present project (Chapter 5) we 
showed that during flaming some pesticides may degrade due to the high temperature but 
during the following smoldering phase, a fraction of the chemicals that was not degraded 
during the flaming phase will volatilise from the substrate (i.e. plant and soil) under the 
suitable temperature (and energy). Simply sampling through the event may not reflect the 
actual emissions of some SVOCs such as pesticides from fires but a ‘mean’ level throughout 
the event. 
7.1.2 Emission factors for SVOCs from bushfires/wildfires 
More recently (i.e. since around the year of 2000) emission of polychlorinated 
dibenzodioxins and dibenzofurans from open biomass burning has been a focus of a number 
of studies providing the basis for the UNEP toolkit for estimating national emission 
inventories (Black et al., 2011; Gullett and Touati, 2003; Meyer et al., 2004; Prange et al., 
2003). A lack of EF data for other SVOC pollutants persists. To address this gap, this project 
provides EF data for a broad range of SVOCs, including PAHs and halogenated compounds 
(PCBs, PCNs, OCPs and PBDEs) (Table 7.1). 
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Table 7.1. Summaries of EFs (gas + particle-associated phases, µg kg-1 fuel burnt) for 
selected SVOCs/SVOC groups determined from this project 
 Subtropical forest reserve in 
residential area (Chapter 5) 
Tropical savannah in 
remote area (Chapter 5) 
Tropical savannah in 
remote area (Chapter 6) 
∑13 PAHs 7,000 ± 170 1,600 ± 110 2,000 ± 1,300 
∑18 PCBs 2.6 ± 0.1  0.25 ± 0.28 
∑14 PCNs 0.061 ± 0.001  0.0051 ± 0.0037 
∑7 PBDEs 0.15  0.36 ± 0.58 
HCB 0.62 ± 0.02  0.033 ± 0.022 
DDTs# 0.80 ± 0.02  0.014 ± 0.037 
α-endosulfan 0.33 ± 0.01  0.28 ± 0.25 
Permethrin 29 ± 1  Up to 0.66 
# Refers to sum of data for o,p’- and p,p’-DDT, o,p’- and p,p’-DDE and o,p’- and p,p’-DDD 
 
EFs for PAHs from each campaign varied in the same order of magnitude, which is in 
agreement with our hypothesis expressed in Chapter 2 that PAHs are primarily formed during 
combustion based on carbon sources that are common and vary only across a limited range in 
any vegetation-related fires as reviewed in Chapter 1. Emissions of other SVOCs mainly 
depend on the land-use of the burning area, with residential area for example having higher 
EFs for PCBs and PCNs and permethrin where the emission is due to revolatilisation (not 
formation) of the chemicals that has previously accumulated in the fuel and soil. The 
sampling site in Chapter 6 is close to an agricultural base, where a high endosulfan level in 
ambient air has been reported in Chapter 3. The differences in the emission factors hence may 
reflect differences in the amount of chemicals such as endosulfan being associated with the 
biomass and underlying soil that is subject to the burning. The differences in fire return 
interval may also contribute to the above finding, with a shorter interval resulting in 
potentially lower EFs, where each burning event results in a clearing of the sorbed SVOCs 
and the contamination of the new fuel during the next event is lower due to the shorter time 
for these SVOCs to re-accumulate. This is particularly relevant for SVOCs that are not 
formed during the combustion processes but produced primarily due to anthropogenic 
synthesis including pesticides and PCBs. This project suggests that PBDEs may be an 
unexpected exception to this (Table 7.1) since we found comparable EFs between the remote 
and more anthropogenically influenced sites. There should be no reason that the remote site 
in Chapter 6 has a high contamination of PBDEs. Therefore this may indicate potential 
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formation of PBDEs during fires or alternatively relatively low fuel contamination in urban 
areas with PBDEs, potentially due to that their use is limited to indoor environments. 
7.1.3 Annual emissions estimated from these SVOCs from bushfires/wildfires in the context of 
Australia 
Open-field biomass burning is an important component of Australia’s natural environment 
and ecosystem with massive areas being subjected to fires across this continent. It is 
estimated that Australia contributes to 15% of the global fire affected areas. Using the EFs 
obtained from this thesis we can provide a first estimate of emissions for various SVOCs 
(Chapter 6) such as ∑ PAHs (160 (min) – 1,100 (max) Mg y-1), ∑ PCBs (14 – 300 kg y-1), ∑ 
PBDEs (8.8 – 590 kg y-1), α-endosulfan (6.5 – 200 kg y-1) and chlorpyrifos (up to 1,400 kg y-
1).   
7.2 Outlook 
The project concentrated on relatively large scale in-field sampling of ambient air and 
biomass burning across particularly the south-eastern and northern part of Australia. This 
approach provided data sets for large spatial and temporal integration of ambient 
concentrations of SVOCs and the impact of biomass burning events which were then used to 
estimate emission factors for the chemicals. The results and evidence gained in my thesis also 
provide an important step in recognising the key processes of SVOC release during biomass 
burning events. However the limitations of the approach used in my thesis is that studying the 
specific mechanisms including establishing detailed parameters and uncertainties associated 
with formation, re-volatilisation and degradation of the chemicals of interest was not feasible. 
We further decided that collecting, homogenising and analysing representative biomass/soil 
samples to match the different smoke samples from various fires to be beyond the scope of 
this project due to the scale of the areas and fires investigated.   
In a future study a laboratory or controlled approach is required that allows to tackle specific 
questions that could not be answered with this overarching approach. A specific tool is to use 
a mass balance approach using fuel and soils with known contamination characteristics to 
undertake controlled combustion experiments collecting the emissions as well as remaining 
solid material. Similar to the work of Black et al. for PCDD/Fs, such experiments could 
benefit from systematic use of isotopically labelled standards introduced in either soil or fuel  
(Black et al., 2012). A relatively specific result from this thesis is the (unexpected) finding of 
the PBDE emission factors being very similar between the remote and urban sites suggesting 
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a potential formation process. Again specific controlled experiments using well characterised 
fuel and soil including potentially isotopically labelled PBDEs could provide clarity on this 
issue. Furthermore these experiments could be potentially designed to differentiate between 
emissions during flaming and smoldering phases to investigate the formation, re-
volatilisation and degradation of the chemicals of interest. Such controlled experiments can 
further provide relevant information on factors that affect each of these parameters for a 
given chemical which can then be used for developing a model describing emissions of 
SVOCs during biomass combustion processes.  
A key conclusion from my PhD thesis is that biomass burnings including natural 
bushfires/wildfires are an important source for the re-distributing of a wide range of 
internationally regulated SVOCs such as PCBs, PBDEs and various pesticides. During the 
combustion processes, these SVOCs are remobilised into the ambient air and regular 
bushfires are thus an important component impacting the fate of these chemicals which affect 
their global distribution and national emission budget. Hence biomass burning should be 
considered for inclusion in models that evaluate long term transport and global fate of 
SVOCs (Breivik et al., 2016; Wania et al., 2006; Wania and Mackay, 1995) where future 
modelling scenarios should consider the potential effect that for example global climate 
change may have on biomass burning and associated SVOC release in different regions.  
Last but not least it is worth to consider here the implication of my research for the 
identification of more novel chemicals of concern. Bushfires emit – in a concentrated form – 
a wide range of chemicals into the atmosphere, thus sampling and analysing the smoke of 
bushfires/wildfires may provide an opportunity for identifying potentially new persistent 
hazards. The availability of novel analytical techniques such as accurate mass instruments 
including gas chromatography coupled to quadrupole time of flight mass spectrometer (GC-
QTOF), GC-GC-QTOF and GC-orbitrap provide an opportunity to identify emerging hazards 
both anthropogenic (accumulated and re-emitted) and natural (formed).  
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Detailed description of chemical analysis 
Sample extraction. The XAD resin samples were transferred into cellulose thimbles. The 
samples were spiked with a range of 13C-labelled PCB congeners (100µL of 20ng/mL 
internal standard) and OCPs (400µL of 25ng/mL internal standard) listed in Table S1 and 
then Soxhlet extracted with toluene for 18-24 hours. The extract was concentrated using a 
rotary evaporator and 40% of the aliquot of the extract was taken for PCB analysis and 25% 
for OCP analysis. 
Sample cleanup. The PCB and OCP aliquot was cleaned up using a sulphuric acid treated 
silica gel, alumina and florisil chromatographic column and a florisil chromatographic 
column, respectively. The eluant was concentrated under a gentle stream of nitrogen and a 
recovery standard was added at 100µL of 20ng/mL prior to adjusting the final volume to 
50µL in nonane.  
Sample analysis. The extracts were analysed by a GC-HRMS (Agilent 6890/7890 GC 
coupled with Waters Ultima/Premier HRMS) at a nominal mass resolving power of 10,000 
using electron impact (EI) ionisation. At least two exact ions are monitored for each target 
analyte. Identification of the analytical responses is confirmed using a combination of signal 
to noise, relative retention time and response ratio for the two exact ions monitored. Analyte 
concentrations are calculated from their relative response to a specific internal standard listed 
in Table S1 against the slope of a multi-point calibration curve. 
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Table S1. List of target compounds and internal standards 
Target PCBs Internal standard Target OCPs Internal standard 
PCB#77 13C12 PCB#77 pentachlorobenzene (PeCB) 13C6 PeCB 
PCB#81 13C12 PCB#81 HCB 13C6 HCB 
PCB#126 13C12 PCB#126 α-HCH 13C6 α-HCH 
PCB#169 13C12 PCB#169 β-HCH 13C6 β-HCH 
PCB#105 13C12 PCB#105 γ-HCH 13C6 γ-HCH 
PCB#114 13C12 PCB#114 δ-HCH 13C6 δ-HCH 
PCB#118 13C12 PCB#118 heptachlor (HEPT) 13C10 HEPT 
PCB#123 13C12 PCB#123 
heptachlor exo-epoxide 
(HEPX) 
13C10 HEPX 
PCB#156 13C12 PCB#156 aldrin 13C12 aldrin 
PCB#157 13C12 PCB#157 dieldrin 13C12 dieldrin 
PCB#167 13C12 PCB#167 endrin 13C12 endrin 
PCB#189 13C12 PCB#189 endrin ketone 13C10 CN 
PCB#1 13C12 PCB#1 oxychlordane 13C10 Oxychlordane 
PCB#3 13C12 PCB#3 trans-chlordane (TC) 13C6 TC 
PCB#4/10 13C12 PCB#4 cis-chlordane (CC) 13C6 TC 
PCB#15 13C12 PCB#15 trans-nonachlor (TN) 13C10 TC 
PCB#19 13C12 PCB#19 cis-nonachlor (CN) 13C10 CN 
PCB#28 13C12 PCB#37 α-endosulfan (α-ES) 13C9 α-ES 
PCB#37 13C12 PCB#37 β-endosulfan (β-ES) 13C9 β-ES 
PCB#44 13C12 PCB#54/77/81 o,p’-DDE 13C12 o,p’-DDE 
PCB#49 13C12 PCB#54/77/81 p,p’-DDE 13C12 p,p’-DDE 
PCB#52 13C12 PCB#54/77/81 o,p’-DDD 13C12 o,p’-DDD 
PCB#54 13C12 PCB#54 p,p’-DDD 13C12 p,p’-DDD 
PCB#70 13C12 PCB#54/77/81 o,p’-DDT 13C12 o,p’-DDT 
PCB#74 13C12 PCB#54/77/81 p,p’-DDT 13C12 p,p’-DDT 
PCB#99 
13C12 
PCB#104/105/114/118/123/126 methoxychlor 
13C12 p,p’-DDT 
PCB#101 
13C12 
PCB#104/105/114/118/123/126 mirex 
13C10 mirex 
PCB#104 13C12 PCB#104   
PCB#110 
13C12 
PCB#104/105/114/118/123/126  
 
PCB#138/163/164 13C12 PCB#155/156/157/167/169   
PCB#153 13C12 PCB#155/156/157/167/169   
PCB#155 13C12 PCB#155   
PCB#170 13C12 PCB#189   
PCB#180 13C12 PCB#188/189   
PCB#183 13C12 PCB#188/189   
PCB#187 13C12 PCB#188/189   
PCB#188 13C12 PCB#188   
PCB#194 13C12 PCB#202/205   
PCB#196/203 13C12 PCB#202   
PCB#200 13C12 PCB#202   
PCB#202 13C12 PCB#202   
PCB#205 13C12 PCB#205   
PCB#206 13C12 PCB#206   
PCB#208 13C12 PCB#208   
PCB#209 13C12 PCB#209   
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Table S2. Sampling rate R for interested chemicals on 10 cm length (62.5 cm2 surface area) 
XAD cylinders 
Chemicals R (m3/sampler/day) References or estimating method 
PCBs 0.55 (Armitage et al., 2013) 
PeCB 0.72 use the value for HCB 
HCB 0.72 (Hayward, 2010; Wania et al., 2003) 
α-HCH 0.91 (Hayward, 2010; Wania et al., 2003) 
β-HCH 0.86 averaged from the value for a- and γ-HCH 
γ-HCH 0.81 (Hayward, 2010; Wania et al., 2003) 
δ-HCH 0.86 averaged from the value for a- and γ-HCH 
HEPT 0.43 averaged from the value for TN, CC and TC 
HEPX 0.43 averaged from the value for TN, CC and TC 
oxychlordane 0.43 averaged from the value for TN, CC and TC 
TC 0.54 (Hayward, 2010) 
CC 0.42 (Hayward, 2010) 
α-ES 0.78 (Hayward, 2010) 
β-ES 0.62 (Hayward, 2010) 
TN 0.34 (Hayward, 2010; Wania et al., 2003) 
CN 0.34 use the value for trans-nonachlor 
aldrin 0.43 averaged from the value for TN, CC and TC 
dieldrin 0.43 averaged from the value for TN, CC and TC 
endrin 0.43 averaged from the value for TN, CC and TC 
endrin ketone 0.43 averaged from the value for TN, CC and TC 
o,p’-DDE 0.62 averaged from the values for all the reported pesticides 
p,p’-DDE 0.62 averaged from the values for all the reported pesticides 
o,p’-DDD 0.62 averaged from the values for all the reported pesticides 
p,p’-DDD 0.62 averaged from the values for all the reported pesticides 
o,p’-DDT 0.62 averaged from the values for all the reported pesticides 
p,p’-DDT 0.62 averaged from the values for all the reported pesticides 
methoxychlor 0.62 averaged from the values for all the reported pesticides 
mirex 0.62 averaged from the values for all the reported pesticides 
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Table S3. Comparison between amount of PCBs and OCPs obtained from duplicated samples 
at sampling site UR4 (pg/sampler/day) 
 
 
Table S4. Comparison between annual concentrations (pg/m3) derived from AAS and the 
ones from PAS at site SUR 
Chemicals CAAS CPAS Chemicals CAAS CPAS 
PCB#19 0.19 0.29 HCB 32 39 
PCB#28 1.1 1.7 α-HCH 0.24 0.28 
PCB#37 0.25 0.30 γ-HCH 2.2 1.8 
PCB#44 0.58 0.65 HEPT 10 10 
PCB#49 0.35 1.1 HEPX 1.8 1.8 
PCB#52 1.0 1.5 dieldrin 24 51 
PCB#70 0.81 1.2 aldrin 2.7 5.8 
PCB#74 0.23 0.44 CC 9.6 9.6 
PCB#99 0.46 0.50 TC 21 15 
PCB#101 1.1 1.2 α-ES 22 9.5 
PCB#110 1.2 1.0 p,p’-DDT 1.0 0.52 
PCB#118 0.70 0.67 p,p’-DDD 0.25 0.30 
PCB#138 0.45 0.38 p,p’-DDE 0.60 0.50 
   mirex 1.1 0.64 
 
 
 
 
 
PCBs UR4-dulplicate #1 
UR4-dulplicate 
#2 OCPs UR4-dulplicate #1 UR4-dulplicate #2 
PCB#4/1
0 4.9 4.3 HCB 69 58 
PCB#15 1.9 1.9 α-HCH 0.48 0.39 
PCB#19 1.1 0.92 γ-HCH 5.0 4.4 
PCB#28 5.5 4.1 HEPT 56 50 
PCB#37 1.2 0.74 HEPX 2.8 2.8 
PCB#44 2.1 1.8 TC 65 57 
PCB#49 1.8 1.5 CC 25 22 
PCB#52 4.2 3.4 TN 14 11 
PCB#70 2.6 2.3 α-ES 15 16 
PCB#74 0.99 0.88 o,p’-DDE 0.28 0.28 
PCB#101 1.9 1.7 p,p’-DDE 4.4 3.9 
PCB#110 1.5 1.4 aldrin 0.42 0.25 
PCB#118 1.1 1.0 dieldrin 46 42 
PCB#153 0.96 0.92 endrin 0.73 0.81 
PCB#180 0.22 0.21    
PCB#187 0.27 0.28    
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Table S5.  Amount of PCBs sequestered by PAS at each sampling site (pg/sampler/day) 
Classificatio
n Blank 
Backgr
ound 
Backgr
ound 
Backgr
ound 
Backgr
ound 
Backgro
und 
Agricul
tural 
Agricul
tural 
Agricul
tural 
Agricultur
al 
Agricul
tural 
Semi-
urban 
Urba
n 
Urb
an Urban 
Urba
n Urban 
Sampling 
Site FB BA1 BA2 BA3 BA4 BA5 AG1 AG2 AG3 AG4 AG5 SUR UR1 
UR
2 UR3 
UR4-
1 UR4-2 
State  QLD NT NT TAS VIC QLD VIC NSW SA WA NT QLD NSW NSW SA SA 
PCB#77 ND ND ND ND ND ND ND ND ND ND ND ND ND 0.090 ND ND ND 
PCB#81 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#126 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#169 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#105 ND ND ND ND ND ND ND 0.090 ND ND ND ND 0.32 0.40 0.50 0.38 ND 
PCB#114 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#118 ND ND ND ND 0.18 0.14 ND 0.30 ND ND ND 0.37 ND 1.0 1.4 1.1 1.0 
PCB#123 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#156 ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.060 ND ND 
PCB#157 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#167 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#189 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#4/10 ND 0.24 ND ND ND 0.43 6.0 0.50 ND 0.40 ND ND 4.1 2.4 3.4 4.9 4.3 
PCB#15 ND ND ND 0.23 ND 0.27 2.7 ND ND ND 0.15 ND 1.2 0.91 ND 1.9 1.9 
PCB#19 ND ND ND ND ND 0.070 0.87 ND ND ND ND 0.16 0.67 0.46 0.88 1.1 0.92 
PCB#28 ND ND 0.27 0.36 ND 0.60 2.3 0.73 ND 0.32 0.25 0.94 3.0 2.3 3.3 5.5 4.1 
PCB#37 ND ND ND 0.13 0.20 0.22 0.14 0.28 ND ND 0.11 0.17 0.61 0.51 0.62 1.2 0.74 
PCB#44 ND ND ND 0.21 ND 0.26 0.40 0.83 0.15 ND ND 0.36 1.6 1.5 3.6 2.1 1.8 
PCB#49 ND ND ND 0.33 ND 0.18 0.40 0.68 ND 0.29 0.16 0.59 1.2 1.2 3.7 1.8 1.5 
PCB#52 ND 0.19 ND 0.48 0.95 0.47 0.79 2.0 0.30 0.51 0.24 0.80 2.5 3.0 7.0 4.2 3.4 
PCB#54 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#70 ND ND ND 0.19 0.54 0.28 0.16 1.4 0.18 0.25 ND 0.67 1.7 2.4 3.1 2.6 2.3 
PCB#74 ND ND ND ND 0.21 0.13 ND ND ND ND ND 0.24 ND 0.94 1.2 0.99 0.88 
PCB#99 ND ND ND ND ND 0.090 ND 0.27 ND ND 0.070 0.28 0.57 0.57 1.9 ND 0.60 
PCB#101 ND 0.080 0.070 ND 0.47 0.25 ND 0.73 0.17 0.22 0.14 0.66 1.4 1.5 3.7 1.9 1.7 
PCB#104 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
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PCB#110 ND ND 0.060 0.070 0.29 0.17 ND 0.34 0.11 ND ND 0.56 1.2 1.0 2.6 1.5 1.4 
PCB#138/16
3/164 ND ND ND ND ND 0.090 0.080 0.13 ND ND ND 0.21 0.70 0.82 1.2 ND ND 
PCB#153 ND ND ND 0.060 0.14 0.11 ND 0.18 ND ND 0.070 ND 0.69 0.68 1.1 0.96 0.92 
PCB#155 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#170 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#180 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.22 0.21 
PCB#183 ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.080 ND ND 
PCB#187 ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.21 0.27 0.28 
PCB#188 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#194 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#196/20
3 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#200 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#202 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#205 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#206 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#208 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
PCB#209 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
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Table S6.  Concentrations of atmospheric PCBs at each sampling site (pg/m3) 
Sampling site BA1 BA2 BA3 BA4 BA5 AG1 AG2 AG3 AG4 AG5 SUR UR1 UR2 UR3 UR4-1 
UR4-
2 
Med
ian 
State QLD NT NT TAS VIC QLD VIC NSW SA WA NT QLD NSW NSW SA SA  
PCB#77 ND ND ND ND ND ND ND ND ND ND ND ND 0.16 ND ND ND NA 
PCB#81 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#126 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#169 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#105 ND ND ND ND ND ND 0.17 ND ND ND ND 0.58 0.72 0.92 0.69 ND NA 
PCB#114 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#118 ND ND ND 0.32 0.25 ND 0.54 ND ND ND 0.67 ND 1.9 2.6 2.0 1.8 0.13 
PCB#123 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#156 ND ND ND ND ND ND ND ND ND ND ND ND ND 0.11 ND ND NA 
PCB#157 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#167 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#189 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#4/10 0.43 ND ND ND 0.78 11 0.91 ND 0.73 ND ND 7.4 4.3 6.1 8.9 7.8 0.76 
PCB#15 ND ND 0.42 ND 0.49 4.8 ND ND ND 0.28 ND 2.1 1.7 ND 3.4 3.4 0.14 
PCB#19 ND ND ND ND 0.12 1.6 ND ND ND ND 0.29 1.2 0.84 1.6 2.0 1.7 0.062 
PCB#28 ND 0.49 0.65 ND 1.1 4.1 1.3 ND 0.58 0.46 1.7 5.4 4.2 5.9 10 7.5 1.2 
PCB#37 ND ND 0.23 0.36 0.39 0.25 0.51 ND ND 0.19 0.30 1.1 0.93 1.1 2.1 1.3 0.33 
PCB#44 ND ND 0.38 ND 0.48 0.72 1.5 0.26 ND ND 0.65 2.9 2.7 6.6 3.9 3.2 0.57 
PCB#49 ND ND 0.60 ND 0.33 0.73 1.2 ND 0.54 0.29 1.1 2.1 2.2 6.7 3.2 2.7 0.67 
PCB#52 0.34 ND 0.88 1.7 0.86 1.4 3.6 0.55 0.93 0.43 1.5 4.6 5.4 13 7.6 6.1 1.5 
PCB#54 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#70 ND ND 0.35 0.99 0.51 0.29 2.6 0.33 0.46 ND 1.2 3.2 4.4 5.7 4.7 4.1 0.75 
PCB#74 ND ND ND 0.38 0.24 ND ND ND ND ND 0.44 ND 1.7 2.2 1.8 1.6 NA 
PCB#99 ND ND ND ND 0.17 ND 0.50 ND ND 0.13 0.50 1.0 1.0 3.5 ND 1.1 0.063 
PCB#101 0.15 0.13 ND 0.85 0.45 ND 1.3 0.31 0.40 0.26 1.2 2.6 2.6 6.7 3.5 3.0 0.65 
PCB#104 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#110 ND 0.11 0.13 0.53 0.31 ND 0.62 0.20 ND ND 1.0 2.2 1.8 4.7 2.8 2.5 0.42 
Page 176 of 286 
 
PCB#138/16
3/164 ND ND ND ND 0.17 0.14 0.24 ND ND ND 0.38 1.3 1.5 2.2 ND ND NA 
PCB#153 ND ND 0.11 0.25 0.19 ND 0.33 ND ND 0.12 ND 1.3 1.2 2.0 1.8 1.7 0.16 
PCB#155 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#170 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#180 ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.40 0.38 NA 
PCB#183 ND ND ND ND ND ND ND ND ND ND ND ND ND 0.15 ND ND NA 
PCB#187 ND ND ND ND ND ND ND ND ND ND ND ND ND 0.37 0.49 0.50 NA 
PCB#188 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#194 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#196/20
3 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#200 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#202 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#205 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#206 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#208 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
PCB#209 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND NA 
The value with a shade means ≥3×median value and further with a border if ≥10×median value was measured 
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Table S7.  Amount of OCPs sequestered by PAS at each sampling site (pg/sampler/day) 
Classificat
ion 
Bla
nk 
Backgro
und 
Backgro
und 
Backgro
und 
Backgro
und 
Backgro
und 
Agricu
ltural 
Agricul
tural 
Agricul
tural 
Agricul
tural 
Agricul
tural 
Semi-
urban 
Urba
n 
Urba
n Urban Urban Urban 
Site FB BA1 BA2 BA3 BA4 BA5 AG1 AG2 AG3 AG4 AG5 SUR UR1 UR2 UR3 UR4-1 UR4-2 
State  QLD NT NT TAS VIC QLD VIC NSW SA WA NT QLD NSW NSW SA SA 
HCB 1.3 23 24 29 49 32 13 29 26 29 27 28 51 30 54 69 58 
α-HCH ND 0.45 ND ND ND 0.31 ND 0.35 ND 0.26 ND 0.26 0.89 ND 0.68 0.48 0.39 
β-HCH ND ND ND ND ND 0.51 ND ND ND ND ND ND ND ND ND ND ND 
γ-HCH ND 0.29 ND ND 0.56 ND ND 0.60 ND 3.3 ND 1.5 2.9 2.4 3.4 5.0 4.4 
δ-HCH ND ND ND ND ND 0.37 ND ND ND ND ND ND ND ND ND ND ND 
HEPT ND 1.9 0.52 0.28 0.34 0.76 0.84 79 3.0 2.0 0.20 4.5 26 92 68 56 50 
HEPX ND 0.45 ND ND ND 0.40 0.11 0.83 0.96 0.23 ND 0.79 6.1 9.5 14 2.8 2.8 
Aldrin ND ND ND ND ND ND ND ND ND ND ND 1.2 ND 0.20 0.24 0.42 0.25 
Dieldrin ND 2.9 ND 0.53 1.2 2.7 0.91 3.5 6.5 2.1 34 10 43 60 67 46 42 
Endrin ND ND ND ND ND ND ND ND ND ND 0.96 ND 0.95 1.2 1.1 0.73 0.81 
Endrin 
ketone ND NA NA ND NA ND NA ND ND ND ND NA NA ND ND NA NA 
Oxychlord
ane ND ND ND ND ND ND ND ND 0.27 ND ND 0.28 0.70 1.2 1.5 ND ND 
TC ND 1.1 0.62 0.29 0.34 1.3 0.35 5.2 7.3 2.8 0.51 8.3 17 62 68 65 57 
CC ND 0.26 ND 0.12 0.23 0.65 0.10 1.1 1.2 0.76 0.40 4.0 4.8 15 18 25 22 
TN ND ND ND ND ND ND ND 0.61 0.86 ND ND 3.7 2.8 8.1 11 14 11 
CN ND ND ND ND ND ND ND ND ND ND ND ND ND 1.4 1.8 1.7 ND 
α-ES ND 2.8 3.4 4.5 6.9 ND 1.7 9.2 7.1 21 15 7.4 13 3.3 ND 15 16 
β-ES ND ND ND NA ND NA NA NA NA NA NA NA ND NA NA ND 1.9 
o,p’-DDE ND ND ND ND ND 0.48 ND 0.34 0.17 0.19 12 ND 0.17 ND 1.1 0.28 0.28 
p,p’-DDE ND 0.16 ND 0.090 0.37 1.7 0.19 2.4 2.4 4.7 75 0.31 3.3 2.6 11 4.4 3.9 
o,p’-DDD ND ND ND ND ND ND ND ND ND ND 0.98 ND ND ND 4.3 ND ND 
p,p’-DDD ND ND ND ND ND 1.2 ND ND ND ND 0.86 0.19 ND ND 4.8 ND ND 
o,p’-DDT ND ND ND ND ND 0.45 ND 0.29 ND 0.39 3.7 ND 1.4 ND 1.2 ND 0.67 
p,p’-DDT ND ND ND ND ND ND 0.12 0.34 0.29 0.44 4.3 0.32 3.3 1.8 2.1 ND 1.3 
Methoxyc
hlor ND ND ND ND ND 2.9 ND ND ND ND ND ND ND ND ND ND ND 
Mirex ND ND ND 0.070 0.060 0.48 0.060 0.040 0.050 ND 0.080 0.40 ND 0.27 0.19 ND ND 
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Table S8.  Concentrations of atmospheric OCPs at each sampling site (pg/m3) 
Sampling 
Site BA1 BA2 BA3 BA4 BA5 AG1 AG2 AG3 AG4 AG5 SUR UR1 UR2 UR3 UR4-1 UR4-2 
Medi
an 
State QLD NT NT TAS VIC QLD VIC NSW SA WA NT QLD NSW NSW SA SA  
HCB 32 33 41 67 45 18 41 37 41 37 39 72 42 75 96 81 41 
α-HCH 0.49 ND ND ND 0.34 ND 0.38 ND 0.28 ND 0.28 0.98 ND 0.74 0.52 0.43 0.28 
β-HCH ND ND ND ND 0.59 ND ND ND ND ND ND ND ND ND ND ND NA 
γ-HCH 0.36 ND ND 0.70 ND ND 0.74 ND 4.0 ND 1.8 3.5 3.0 4.2 6.2 5.4 0.72 
δ-HCH ND ND ND ND 0.43 ND ND ND ND ND ND ND ND ND ND ND NA 
HEPT 4.4 1.2 0.65 0.79 1.8 2.0 180 6.9 4.6 0.47 10 62 210 160 130 120 5.7 
HEPX 1.1 ND ND ND 0.92 0.26 1.9 2.2 0.54 ND 1.8 14 22 33 6.5 6.6 1.4 
Aldrin ND ND ND ND ND ND ND ND ND ND 2.7 ND 0.46 0.57 0.98 0.59 NA 
Dieldrin 6.8 ND 1.2 2.8 6.2 2.1 8.1 15 4.9 78 24 99 140 160 110 97 12 
Endrin ND ND ND ND ND ND ND ND ND 2.2 ND 2.2 2.7 2.6 1.7 1.9 NA 
Endrin 
ketone ND NA
# NA ND NA ND NA ND ND ND ND NA NA ND ND NA NA 
Oxychlord
ane ND ND ND ND ND ND ND 0.62 ND ND 0.66 1.6 2.7 3.5 ND ND NA 
TC 2.0 1.1 0.54 0.63 2.4 0.65 9.6 14 5.3 0.94 15 35 110 130 120 110 7.5 
CC 0.63 ND 0.29 0.54 1.6 0.23 2.5 2.8 1.8 0.96 9.6 11 35 43 59 51 2.2 
TN ND ND ND ND ND ND 1.8 2.5 ND ND 11 8.2 24 32 42 34 0.89 
CN ND ND ND ND ND ND ND ND ND ND ND ND 4.1 5.2 4.9 ND NA 
α-ES 3.6 4.3 5.7 8.8 ND 2.2 12 9.0 27 19 9.5 17 4.2 ND 20 20 8.9 
β-ES ND ND ND NA ND NA NA NA NA NA NA NA ND NA NA 3.1 NA 
o,p’-DDE ND ND ND ND 0.77 ND 0.55 0.28 0.30 19 ND 0.27 ND 1.8 0.45 0.45 0.28 
p,p’-DDE 0.26 ND 0.15 0.59 2.8 0.31 3.9 3.9 7.5 120 0.50 5.4 4.2 18 7.1 6.2 3.9 
o,p’-DDD ND ND ND ND ND ND ND ND ND 1.6 ND ND ND 7.0 ND ND NA 
p,p’-DDD ND ND ND ND 2.0 ND ND ND ND 1.4 0.30 ND ND 7.7 ND ND NA 
o,p’-DDT ND ND ND ND 0.73 ND 0.47 ND 0.63 6.0 ND 2.3 ND 1.9 ND 1.1 NA 
p,p’-DDT ND ND ND ND ND 0.19 0.55 0.47 0.70 7.0 0.52 5.3 2.9 3.3 ND 2.1 0.49 
Methoxych
lor ND ND ND ND 4.6 ND ND ND ND ND ND ND ND ND ND ND NA 
Mirex ND ND 0.11 0.091 0.77 0.10 0.058 0.073 ND 0.12 0.64 ND 0.43 0.31 ND ND 0.082 
The value with a shade means ≥3×median value and further with a border if ≥10×median value was measured; # NA: data are not available due to failed QA criteria 
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Table S9.  International comparison of concentration of atmospheric PCBs between Australia and other countries/locations--background sites (mean and range in 
pg/m3) 
Region Oceania Arctica Antarctica Africa Asia 
Central America 
and Caribbean Europe North America South America 
Country/Loc
ation 
Australi
a 
Dasan 
station 
King 
Sejong 
station 
South 
Africa China 
Indone
sia Japan 
Costa 
Rica Cuba Italy 
Czech 
Repub
lic 
Cana
ry 
Islan
ds 
Icela
nd 
Irela
nd Canada 
Bermu
da Brazil Chile 
Sampling 
period 2012 
2005-
2006 
2004-
2005 2005 
2007-
2008 2005 2005 2005 2005 
2000-
2001 
1996-
2005 2005 2005 
200
5 
2000-
2001 2005 2005 2005 
ref this study 
(Choi et 
al., 
2008a) 
(Choi 
et al., 
2008a) 
(Pozo 
et al., 
2009) 
(Wu et 
al., 
2011) 
(Pozo 
et al., 
2009) 
(Poz
o et 
al., 
2009
) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Meni
chini 
et al., 
2007) 
(Holo
ubek 
et al., 
2007) 
(Poz
o et 
al., 
2009
) 
(Poz
o et 
al., 
2009
) 
(Poz
o et 
al., 
200
9) 
(Motela
y-
Massei 
et al., 
2005) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo et 
al., 
2009) 
∑7indicator 
congeners 
1.8 
0.49~3.
2 
(N=5) 
20 
6.9~46 
(N=3) 
1.6 
0.73~2.
7 
(N=3) 
 
17 
4.0~28 
(N=22) 
    
26* 
8.1~5
9 
(N=24
) 
84* 
ND~3
90 
(N=N
A) 
   
89 
53~130 
(N=2) 
   
∑12dl-
congeners 
0.11 
ND~0.3
2 
(N=5) 
1.4 
0.65~2.9 
(N=3) 
0.49 
0.18~0.
91 
(N=3) 
               
TEQ for 
∑12dl-PCB 
(fg/m3) 
0.0034 
ND~0.0
096 
(N=5) 
0.043 
0.020~0.
090 
(N=3) 
0.17 
0.010~
0.29 
(N=3) 
 
3.9 
0.30~1
1 
(N=22) 
    
0.53 
0.12~
1.9 
(N=24
) 
        
∑PCBs 
3.5a 
0.73~6.
8 
(N=5) 
  
43b 
0.060~
250 
(N=7) 
 
24b 
6.0~41 
(N=3) 
380b 
11~7
50 
(N=2
) 
2.3b 
0.060~
9.0 
(N=4) 
38b 
0.060~
120 
(N=4) 
  
120b 
5.7~2
10 
(N=4
) 
40b 
6.0~9
0 
(N=4
) 
39b 
16~
74 
(N=
4) 
 
350b 
80~70
0 
(N=4) 
130b 
110~15
0 
(N=3) 
11b 
0.060~1
8 
(N=4) 
*#118 was not included; a 47 congeners including #77, 81, 126, 169, 105, 114, 118, 123, 156, 157, 167, 189, 4/10, 15, 19, 28, 37, 44, 49, 52, 54, 70, 74, 99, 101, 104, 110, 138/163/164, 153, 
155, 170, 180, 183, 187, 188, 194, 196/203, 200, 202, 205, 206, 208, 209; b 48 congeners including #8, 15, 18, 17, 16+32, 28, 31, 33, 37, 52, 49, 44, 42, 74, 70, 66, 56+60, 81, 77, 95, 101, 99, 
87, 110, 123, 118, 114, 105, 126, 151, 149, 153, 137+138, 128, 156, 157, 187, 183, 185, 174, 177, 171, 180, 170, 200, 203, 195, 205 and 206; the value below detection limit was replaced by 
1/2×MDL 
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Table S10.  International comparison of concentration of atmospheric PCBs between Australia and other countries/locations--urban sites (mean and range in 
pg/m3) 
Region Oceania Africa Asia 
Central 
America 
and 
Caribbean 
Europe North America South America 
Country/Loc
ation 
Austral
ia 
South 
Africa 
Algeri
a 
Singap
ore 
Chin
a 
Kuw
ait 
Philippi
nes 
South 
Korea Mexico Italy Spain Turkey France Canada 
Canad
a Brazil 
Argenti
na 
Sampling 
period 2012 
2004-
2005 
2008-
2009 
2007-
2008 2005 2005 2005 2005 2003-2004 unknown 2005 2005 2005 
2000-
2001 2005 
2007-
2008 
2006-
2007 
ref this study 
(Batte
rman 
et al., 
2009) 
(Mous
saoui 
et al., 
2012) 
(He 
and 
Balasu
brama
nian, 
2010) 
(Poz
o et 
al., 
2009
) 
(Poz
o et 
al., 
2009
) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Alegria et 
al., 2008) 
(Colomb
o et al., 
2013) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo et 
al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Meire 
et al., 
2012) 
(Tombe
si et al., 
2014) 
∑7indicator 
congeners 
19 
5.4~32 
(N=6) 
39 
(N=58
) 
 
4.5^ 
0.70~1
3 
(N=37
) 
     
1,100 
93~8,60
0 
(N=56) 
   
180 
27~700 
(N=15) 
   
∑12dl-
congeners 
2.0 
0.58~3.
6 
(N=6) 
 62 
(N=3) 
      
80 
12~710 
(N=56) 
       
TEQ for 
∑12dl-PCB 
(fg/m3) 
0.086 
0.017~
0.24 
(N=6) 
 130 
(N=3) 
      
22 
4.0~130 
(N=56) 
       
∑PCBs 
45a 
11~72 
(N=6) 
   
97b 
20~2
50 
(N=3
) 
290b 
86~5
00 
(N=4
) 
1,300b 
320~2,
800 
(N=4) 
270b 
140~4
00 
(N=2) 
83e 
29~190 
(N=20) 
 
120b 
33~260 
(N=4) 
420b 
170~64
0 
(N=4) 
3,100b 
2,400~4,
100 
(N=3) 
 
130b 
18~30
0 
(N=6) 
350c 
190~62
0 
(N=4) 
200d 
40~360 
(N=2) 
^#118 and #153 were not included; a 47 congeners including #77, 81, 126, 169, 105, 114, 118, 123, 156, 157, 167, 189, 4/10, 15, 19, 28, 37, 44, 49, 52, 54, 70, 74, 99, 101, 104, 110, 
138/163/164, 153, 155, 170, 180, 183, 187, 188, 194, 196/203, 200, 202, 205, 206, 208, 209; b 48 congeners including #8, 15, 18, 17, 16+32, 28, 31, 33, 37, 52, 49, 44, 42, 74, 70, 66, 56+60, 
81, 77, 95, 101, 99, 87, 110, 123, 118, 114, 105, 126, 151, 149, 153, 137+138, 128, 156, 157, 187, 183, 185, 174, 177, 171, 180, 170, 200, 203, 195, 205 and 206; the value below detection 
limit was replaced by 1/2×MDL; c 48 congeners including #8, 17 18, 16/32, 28, 31, 33, 37, 42, 44, 49, 52, 56/60,66, 70, 74, 87, 95, 99, 101, 110, 114, 118, 123, 128, 137,138,149, 151, 153, 
156, 157, 171, 174, 177, 180, 183, 185, 187, 195, 194, 199, 200, 203, 207, 206, 209; d 48 congeners including #8, 17 18, 15, 16/32, 28, 33, 37, 42, 44, 49, 52, 56/60,66, 70, 74, 87, 95, 99, 101, 
110, 114, 118, 123, 105, 128, 126, 137,138,149, 151, 153, 156, 157, 170, 171, 174, 177, 180, 183, 185, 187, 199, 200, 203, 205; e 51 congeners including #8, 18, 17, 15, 16/32, 31, 28, 33, 52, 
49, 44, 42, 37, 74, 70, 66, 56/60, 95, 101, 99, 87, 123, 110, 151, 149, 118, 153, 105, 137/138, 187, 183, 128, 185, 174, 177, 171, 156, 157, 180, 194, 195, 199, 200, 170, 203, 205, 206, 207, 209. 
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Table S11.  International comparison of concentration of atmospheric OCPs between Australia and other countries/locations--background sites (mean and range 
in pg/m3) 
Regio
n 
Oceani
a Arctica Antarctica Africa Asia 
Central America 
and Caribbean Europe North America South America 
Count
ry/Lo
cation 
Austral
ia 
Greenla
nd 
King 
Sejong 
station 
Bellingha
usen Sea 
etc. 
South 
Africa 
South 
Korea China 
Indones
ia 
Costa 
Rica Cuba 
Czech 
Republ
ic 
Icelan
d 
Irelan
d Italy 
Bermu
da 
Canad
a Brazil Chile 
Samp
ling 
perio
d 
2012 2008-2010 
2004-
2005 
2008-
2009 2005a 
2008-
2009 2005a 2005a 2005a 2005a 2005a 2005a 2005a 2005a 2005a 2005a 2005a 2005a 
ref this study 
(Bossi 
et al., 
2013) 
(Choi et 
al., 
2008b) 
(Galbán-
Malagón 
et al., 
2013) 
(Pozo 
et al., 
2009) 
(Jin et 
al., 
2013) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
(Pozo 
et al., 
2009) 
HCB 
44 
32~67 
(N=5) 
80 
1.2~16
0 
(N=32) 
 
19 
2.2~52 
(N=15) 
 
94 
15~26
0 
(N=31
) 
            
α-
HCH 
0.17 
ND~0.
49 
(N=5) 
8.9 
0.15~1
2 
(N=32) 
 
0.80 
0.040~5.8 
(N=15) 
35 
0.050~
120 
(N=7) 
 
110 
0.050
~270 
(N=3) 
32 
2.0~55 
(N=3) 
3.0 
0.050~
12 
(N=4) 
14 
1.0~47 
(N=4) 
22 
13~37 
(N=4) 
21 
9.0~3
3 
(N=4) 
11 
6.0~14 
(N=4) 
8.3 
2.0~1
3 
(N=4) 
7.3 
2.0~18 
(N=4) 
11 
1.0~3
0 
(N=8) 
24 
11~34 
(N=3) 
0.30 
0.050~
0.80 
(N=6) 
γ-
HCH 
0.21 
ND~0.
70 
(N=5) 
1.3 
0.070~
12 
(N=32) 
 
2.2 
0.070~5.8 
(N=15) 
22 
0.050~
68 
(N=7) 
 
110 
36~19
0 
(N=2) 
21 
5.0~43 
(N=3) 
3.0 
0.050~
6.0 
(N=4) 
6.3 
2.0~16 
(N=4) 
42 
20~56 
(N=4) 
15 
6.0~2
1 
(N=4) 
14 
6.0~19 
(N=4) 
7.3 
2.0~1
5 
(N=4) 
4.5 
1.0~8.
0 
(N=4) 
4.8 
1.0~1
6 
(N=8) 
27 
24~30 
(N=3) 
4.3 
3.0~8.0 
(N=6) 
HEP
T 
1.8 
0.65~4
.4 
(N=5) 
0.15 
0.0010
~1.1 
(N=33) 
0.29 
0.17~0.
40 
(N=2) 
          
0.70 
0.050
~2.0 
(N=3) 
 
0.17 
0.050
~1.0 
(N=8) 
  
HEP
X 
0.39 
ND~1.
1 
(N=5) 
0.64 
0.074~
1.5 
(N=32) 
     
63 
0.050~
190 
(N=3) 
30 
0.050~
54 
(N=4) 
0.29 
0.050~
1.0 
(N=4) 
4.8 
0.050~
19 
(N=4) 
5.3 
0.050
~13 
(N=4) 
31 
0.050~
50 
(N=4) 
 
3.8 
0.050~
9.0 
(N=4) 
2.0 
0.050
~13 
(N=8) 
  
Dield
rin 
3.4 
ND~6.
8 
(N=5) 
1.7 
0.23~1
7 
(N=32) 
  
2.3 
0.070~
16 
(N=7) 
 
15 
0.070
~30 
(N=2) 
11 
0.070~
32 
(N=3) 
 
7.3 
0.070~
19 
(N=4) 
24 
0.070~
53 
(N=4) 
13 
3.0~2
6 
(N=4) 
24 
0.070~
38 
(N=4) 
37 
4.0~7
8 
(N=4) 
 
3.8 
0.070
~16 
(N=8) 
15 
0.070~
44 
(N=3) 
2.4 
0.070~
7.0 
(N=6) 
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TC 
1.3 
0.54~2
.4 
(N=5) 
0.24 
0.017~
1.0 
(N=32) 
0.70 
0.48~1.
1 
(N=3) 
 
0.38 
0.050~
1.0 
(N=7) 
 
1.5 
1.0~2.
0 
(N=2) 
0.10 
0.050~
0.20 
(N=3) 
0.21 
0.050~
0.30 
(N=4) 
0.81 
0.050~
2.0 
(N=4) 
0.85 
0.40~1
.0 
(N=4) 
1.6 
0.20~
3.0 
(N=4) 
0.83 
0.30~1
.0 
(N=4) 
0.53 
0.050
~1.0 
(N=4) 
2.0 
1.0~3.
0 
(N=4) 
1.4 
0.20~
4.0 
(N=8) 
3.0 
2.0~4.0 
(N=3) 
0.82 
0.20~2.
0 
(N=6) 
CC 
0.60 
ND~1.
6 
(N=5) 
0.55 
0.013~
1.4 
(N=32) 
0.86 
0.63~1.
1 
(N=2) 
 
0.56 
0.20~1.
0 
(N=7) 
 
4.5 
2.0~7.
0 
(N=2) 
0.50 
0.20~1.
0 
(N=3) 
0.53 
0.30~1.
0 
(N=4) 
1.6 
0.30~3
.0 
(N=4) 
2.3 
1.0~4.
0 
(N=4) 
4.3 
1.0~8.
0 
(N=4) 
2.5 
2.0~3.
0 
(N=4) 
1.3 
1.0~2.
0 
(N=4) 
3.0 
1.0~4.
0 
(N=4) 
1.5 
0.20~
3.0 
(N=8) 
3.0 
1.0~5.0 
(N=3) 
0.38 
0.30~0.
50 
(N=6) 
α-ES 
4.5 
ND~8.
8 
(N=5) 
3.8 
0.11~1
4 
(N=32) 
22 
17~27 
(N=2) 
 
130 
0.35~3
30 
(N=7) 
 
150 
24~28
0 
(N=2) 
110 
32~190 
(N=3) 
29 
22~43 
(N=4) 
100 
2.0~31
0 
(N=4) 
270 
29~53
0 
(N=4) 
48 
5.0~1
10 
(N=4) 
42 
29~54 
(N=4) 
110 
1.0~4
10 
(N=4) 
26 
6.0~73 
(N=4) 
76 
7.0~2
60 
(N=8) 
840 
160~1.
900 
(N=3) 
140 
29~350 
(N=6) 
p,p’-
DDE 
0.76 
ND~2.
8 
(N=5) 
2.7 
0.073~
24 
(N=32) 
  
8.9 
0.050~
44 
(N=7) 
 
160 
0.050
~320 
(N=2) 
  
1.5 
0.050~
6.0 
(N=4) 
64 
0.050~
140 
(N=4) 
7.8 
0.050
~26 
(N=4) 
3.5 
0.050~
6.0 
(N=4) 
3.8 
0.050
~11 
(N=4) 
 
1.4 
0.050
~6.0 
(N=8) 
 
2.0 
0.050~
6.0 
(N=6) 
Mirex 
0.20 
ND~0.
78 
(N=5) 
 
0.14 
0.12~0.
15 
(N=2) 
  
0.090 
ND~0
.78 
(N=31
) 
            
a the value below detection limit was replaced by 1/2×MDL 
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Table S12.  International comparison of concentration of atmospheric OCPs between Australia and other countries/locations—agricultural sites (mean and range 
in pg/m3) 
Region Oceania Asia Central America and Caribbean North America South America 
Country/Location Australia India Mexico Canada USA Argentina 
Sampling period 2012 2005a 2005-2006 2005a 2005a 2005a 
ref this study (Pozo et al., 2009) (Wong et al., 2009) (Pozo et al., 2009) (Pozo et al., 2009) (Pozo et al., 2009) 
α-HCH 
0.13 
ND~0.38 
(N=5) 
590 
89~1,300 
(N=6) 
6.9 
1.9~10 
(N=3) 
20 
13~34 
(N=4) 
40 
16~100 
(N=4) 
8.0 
0.90~15 
(N=2) 
γ-HCH 
0.95 
ND~4.0 
(N=5) 
1,800 
340~4,000 
(N=6) 
47 
16~100 
(N=3) 
12 
9.0~18 
(N=4) 
21 
17~23 
(N=4) 
12 
3.0~21 
(N=2) 
HEPT 
40 
0.47~180 
(N=5) 
91 
0.050~320 
(N=6) 
   
32 
0.050~63 
(N=2) 
HEPX 
0.99 
ND~2.2 
(N=5) 
  
8.3 
0.050~33 
(N=4) 
3.3 
0.070~13 
(N=4) 
1.0 
0.050~2.0 
(N=2) 
Dieldrin 
22 
2.1~78 
(N=5) 
41 
0.070~97 
(N=6) 
4.5 
1.8~7.8 
(N=3) 
8.3 
0.070~33 
(N=4) 
2.3 
0.070~9.0 
(N=4) 
2.5 
0.070~5.0 
(N=2) 
TC 
6.0 
0.65~14 
(N=5) 
21 
4.0~66 
(N=6) 
2.4 
0.20~4.2 
(N=3) 
1.3 
1.0~2.0 
(N=4) 
42 
0.050~83 
(N=4) 
1.0 
1.0~1.0 
(N=2) 
CC 
1.7 
0.23~2.8 
(N=5) 
58 
0.20~140 
(N=6) 
2.1 
0.53~4.8 
(N=3) 
1.9 
1.0~2.6 
(N=4) 
10 
3.0~13 
(N=4) 
1.6 
0.20~3.0 
(N=2) 
α-ES 
14 
2.2~27 
(N=5) 
3,300 
410~11,000 
(N=6) 
6,900 
29~19,000 
(N=3) 
44 
28~62 
(N=4) 
73 
56~110 
(N=4) 
7,300 
47~15,000 
(N=2) 
p,p’-DDE 
27 
0.31~120 
(N=5) 
470 
85~1,400 
(N=6) 
120 
29~290 
(N=3) 
 
2.3 
0.050~9.0 
(N=4) 
 
p,p’-DDT 
1.8 
0.19~7.0 
(N=5) 
 
9.4 
3.8~15 
(N=2) 
   
a the value below detection limit was replaced by 1/2×MDL 
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Table S13.  International comparison of concentration of atmospheric OCPs between Australia and other countries/locations—urban sites (mean and range in 
pg/m3) 
Region Oceania Africa Asia 
Central America and 
Caribbean Europe 
North 
America South America 
Country/loc
ations 
Austral
ia South Africa China Kuwait Philippines Mexico France Spain Turkey Canada Argentina 
Sampling 
period 2012 2004-2005 2005b 2005b 2005b 2005-2006 2005b 2005b 2005b 2005b 2006-2007 
ref this study a 
(Batterman et 
al., 2008) 
(Pozo et al., 
2009) 
(Pozo et al., 
2009) 
(Pozo et al., 
2009) (Wong et al., 2009) 
(Pozo et al., 
2009) 
(Pozo et al., 
2009) 
(Pozo et al., 
2009) 
(Pozo et al., 
2009) 
(Tombesi et 
al., 2014) 
HCB 
73 
42~96 
(N=5) 
4.5 
(N=47) 
         
α-HCH 
0.54 
ND~0.
98 
(N=5) 
1.5 
(N=48) 
110 
1.0~180 
(N=4) 
8.3 
1.0~15 
(N=4) 
0.29 
0.050~1.0 
(N=4) 
8.1 
5.9~9.4 
(N=3) 
43 
25~60 
(N=3) 
13 
4.0~29 
(N=3) 
27 
18~38 
(N=4) 
19 
7.0~40 
(N=6) 
16 
3.0~20 
(N=6) 
γ-HCH 
4.4 
3.0~6.2 
(N=5) 
120 
(N=48) 
63 
1.0~140 
(N=4) 
22 
1.0~65 
(N=4) 
11 
0.15~21 
(N=4) 
25 
11~49 
(N=3) 
520 
400~650 
(N=3) 
50 
20~89 
(N=3) 
25 
9.0~58 
(N=4) 
11 
4.0~25 
(N=6) 
19 
2.0~30 
(N=6) 
HEPT 
140 
62~210 
(N=5) 
 
0.31 
0.050~1.1 
(N=4) 
 
41 
18~61 
(N=4) 
 
12 
8.0~15 
(N=3) 
  
5.7 
0.050~25 
(N=6) 
10 
ND~20 
(N=6) 
HEPX 
16 
6.5~33 
(N=5) 
0.58 
(N=39) 
160 
0.050~650 
(N=4) 
22 
0.050~88 
(N=4) 
8.8 
0.050~35 
(N=4) 
 
170 
0.050~510 
(N=3) 
200 
7.0~590 
(N=3) 
15 
5.0~20 
(N=4) 
4.2 
0.050~13 
(N=6) 
8.0 
ND~20 
(N=6) 
Dieldrin 
120 
97~160 
(N=5) 
  
23 
6.0~54 
(N=4) 
86 
21~130 
(N=4) 
2.8 
1.6~4.7 
(N=3) 
200 
150~250 
(N=3) 
18 
0.070~41 
(N=3) 
4.8 
0.070~19 
(N=4) 
24 
0.070~71 
(N=6) 
12 
ND~30 
(N=6) 
TC 
100 
35~130 
(N=5) 
9.3 
(N=48) 
8.3 
0.050~25 
(N=4) 
5.0 
0.050~13 
(N=4) 
120 
38~180 
(N=4) 
4.8 
2.6~6.4 
(N=3) 
8.7 
7.0~10 
(N=3) 
3.7 
0.050~8.0 
(N=3) 
0.76 
0.050~1.0 
(N=4) 
3.8 
1.0~9.0 
(N=6) 
11 
2.0~20 
(N=6) 
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CC 
40 
11~59 
(N=5) 
11 
(N=48) 
3.1 
0.20~6.0 
(N=4) 
3.0 
2.0~5.0 
(N=4) 
78 
29~110 
(N=4) 
4.3 
2.7~5.2 
(N=3) 
5.7 
3.0~8.0 
(N=3) 
5.0 
1.0~11 
(N=3) 
1.8 
1.0~3.0 
(N=4) 
4.4 
1.0~9.0 
(N=6) 
3.0 
ND~6.0 
(N=6) 
α-ES 
12 
ND~20 
(N=5) 
 
17 
0.10~47 
(N=4) 
330 
76~970 
(N=4) 
43 
13~66 
(N=4) 
290 
200~350 
(N=3) 
2,500 
360~4,400 
(N=3) 
640 
57~1,200 
(N=3) 
580 
130~1,400 
(N=4) 
120 
17~460 
(N=6) 
3,000 
570~5,700 
(N=6) 
p,p’-DDE 
8.1 
4.2~18 
(N=5) 
8.5 
(N=48) 
14 
0.050~56 
(N=4) 
78 
22~210 
(N=4) 
39 
14~71 
(N=4) 
20 
13~25 
(N=3) 
45 
29~62 
(N=3) 
45 
29~62 
(N=3) 
65 
46~100 
(N=4) 
33 
0.050~110 
(N=6) 
11 
ND~20 
(N=6) 
p,p’-DDT 
2.7 
ND~5.
3 
(N=5) 
8.5 
(N=48) 
         
Mirex 
0.15 
ND~0.
44 
(N=5) 
27 
(N=48) 
         
a site SUR is not included; b the value below detection limit was replaced by 1/2×MDL 
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Figure S1. Sampler deployment on site UR3, Homebush Bay, NSW 
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Figure S2. Comparison between air concentrations obtained from this study (in the year of 
2012) and the ones from GAPS network also using XAD-PAS (in the year of 2005 to 2008) 
(Shunthirasingham et al., 2010) (pg/sampler/day, normalised to a 10-cm length (62.5-cm2 
surface area) base) 
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S1. Relevant information for sample collection 
   
Figure S1. (a) Site Gri, (b) Site WG, (c) controlled burn event sampling and (d) tunnel event 
sampling. 
Table S1. Sample collection and related information. 
Sampling site Type Sampler Matrices 
Typical 
sampling rate 
(m3 h-1) 
Typical 
sampling 
duration 
Typical 
sampling 
volume (m3) 
Numbers 
of samples 
collected 
Site Gri Ambient Self-designed air samplers 
GFF & 
XAD 4 1 month 2880 12 
Site WG Ambient Self-designed air samplers 
GFF & 
XAD 4 1 month 2880 12 
Toohey Forest Bushfire event 
High-volume 
air sampler 
GFF &  
PUF 60 8 hours 480 8 
M7 Clem 
Jones Tunnel 
Tunnel 
event 
Portable air 
sampler XAD 0.14 
204 
hours 28 1 
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S2. Details on chemical analysis 
Total suspended particles. The mass (µg) of total suspended particles (TSP) within each 
sample was determined as the mass gained during sampling using a gravimetric method, i.e. 
by weighing the GFF at room temperature (25°C) before and after sampling. The sampled 
GFFs were stored in a desiccator overnight before being weighed. 
Sample extraction. Samples (XAD, GFFs and PUFs) were spiked with a solution (100 µL) 
containing 7 deuterated PAHs and 18 13C12-PCB congeners as listed in Table S2 at varying 
concentrations in isooctane. Subsequently they were extracted by ASE using a mixture of n-
hexane and acetone (1: 1, v: v) in 100 mL stainless steel vessels. The ASE conditions were: 
pressure 1500 psi, temperature 100 °C, static cycle time 10 min, flush volume 60%, purge 
time 120 s and numbers of cycles 2. Extracts were then blown down by a gentle stream of 
purified nitrogen and concentrated to 1 mL in n-hexane. 40% of the volume of the extract 
was taken for PAH analysis, another 40% for PCB analysis and 20% archived. 
Sample cleanup. PAH aliquots were cleaned up using a chromatographic column containing 
(from bottom to top) 4 g of neutral alumina, 2 g of neutral silica gel and 2 g of sodium 
sulphate. PCB aliquots were cleaned up by a chromatographic column containing (from 
bottom to top) 4 g of neutral alumina, 2 g of acid treated silica gel and 2 g of sodium 
sulphate. A mixture of n-hexane and dichloromethane (DCM) (1: 1, v: v) was used to elute 
the target compounds from the columns (22 mL for PAHs and 11 mL for PCBs respectively). 
Eluants were carefully blown down by a gentle stream of purified nitrogen to near dryness 
and refilled with 250 pg of 13C12-PCB 141 (in 25 µL isooctane). 
Sample analysis. Injection of each sample into the GC-HRMS was in splitless mode and the 
temperatures for injection port, transfer line and source were maintained at 250, 280 and 280 
°C respectively. A DB5-MS column (30 m x 0.25 mm x 0.25 µm, J&W Scientific) was used 
with helium as the carrier gas at a constant flow rate of 1 mL min-1. The oven temperature 
program started from 80 °C which was held for 2 min, then raised by 20 °C min-1 to 180 °C 
and held for 0.5 min before being ramped up to 290 °C at 10 °C min-1 for 8 min. 
Perfluorokerosene (PFK) was used as the internal mass reference for the mass spectra and 
two ions were monitored for each target analyte and internal standard (Table S2). 
Identification of the analytical responses was confirmed using a combination of signal to 
noise ratio, relative retention time to specific internal standard and response ratio for the two 
ions monitored. Analyte concentrations were quantified based on an isotopic dilution method, 
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i.e. from their relative response to a specific internal standard listed in Table S2 against the 
slope of a multi-point calibration curve. 
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Table S2. Target compounds, internal standards and ions monitored. 
 Target compounds# Quant ion$ Qual ion^ Internal standard (spiked amount, mass per sample) Quant ion Qual ion 
PAHs 
Phe 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Ant 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Flu 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
Pyr 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
BaA 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
Chr 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
BbF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BkF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BeP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
BaP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
I123cdP 276.0939 277.0972 2D12-I123cdP (50 ng) 288.1692 289.1725 
DahA 278.1096 279.1129 2D12-I123cdP (50 ng) 288.1692 289.1725 
BghiP 276.0939 277.0972 2D12-BghiP (50 ng) 288.1692 289.1725 
Indicator PCBs 
PCB 28 255.9613  257.9584  13C12-PCB 28 (500 pg) 268.0016  269.9986  
PCB 52 291.9194  289.9224  13C12-PCB 52 (500 pg) 303.9597  301.9626  
PCB 101 325.8804  327.8775  13C12-PCB 101 (500 pg) 337.9207  339.9178  
PCB 138 359.8415  361.8385  13C12-PCB 138 (500 pg) 371.8817  373.8788  
PCB 153 359.8415  361.8385  13C12-PCB 153 (500 pg) 371.8817  373.8788  
PCB 180 393.8025  395.7995  13C12-PCB 180 (500 pg) 405.8428  407.8398  
Dioxin-like PCBs 
(non-ortho-
substituted) 
PCB 77 291.9194  289.9224  13C12-PCB 77 (100 pg) 303.9597  301.9626  
PCB 81 291.9194  289.9224  13C12-PCB 81 (100 pg) 303.9597  301.9626  
PCB 126 325.8804  327.8775  13C12-PCB 126 (100 pg) 337.9207  339.9178  
PCB 169 359.8415  361.8385  13C12-PCB 169 (100 pg) 371.8817  373.8788  
Dioxin-like PCBs 
(mono-ortho-
substituted) 
PCB 105 325.8804  327.8775  13C12-PCB 105 (100 pg) 337.9207  339.9178  
PCB 114 325.8804  327.8775  13C12-PCB 114 (100 pg) 337.9207  339.9178  
PCB 118 325.8804  327.8775  13C12-PCB 118 (600 pg) 337.9207  339.9178  
PCB 123 325.8804  327.8775  13C12-PCB 123 (100 pg) 337.9207  339.9178  
PCB 156 359.8415  361.8385  13C12-PCB 156 (100 pg) 371.8817  373.8788  
PCB 157 359.8415  361.8385  13C12-PCB 157 (100 pg) 371.8817  373.8788  
PCB 167 359.8415  361.8385  13C12-PCB 167 (100 pg) 371.8817  373.8788  
PCB 189 393.8025  395.7995  13C12-PCB 189 (100 pg) 405.8428  407.8398  
#Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[a]anthrancene; Chr: chrysene; BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene; BeP: 
benzo[e]pyrene; BaP: benzo[a]pyrene; I123cdP: indeno[1,2,3-cd]pyrene; DahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene; $Quant ion: quantification ion; ^Qual ion: 
qualification/reference ion.
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S3. Details on QA/QC results 
 
Figure S2. XAD cartridge series used for breakthrough test for (a) self-designed active air 
sampler and (b) LSAM-100 active air sampler. 
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Table S3. Breakthrough percentage, reproducibility and MDLs for PAH and PCB analytes. 
Target 
compounds 
Breakthrough 
percentage on self-
designed active air 
sampler (%) 
Breakthrough 
percentage on 
LSAM-100 
(%) 
Reproducibility of 
QC samples 
(RSD; n = 15) MDLs (pg m
-3 for PAHs and fg m-3 for PCBs) 
 Ambient 
Gaseous phase 
Ambient 
Particle-associated phase 
Bushfire 
Gaseous phase 
Bushfire 
Particle-associated phase 
Phe 0.23 ND 11% 6.2 37 24 55 
Ant ND ND 9.9% 0.030 6.4 5.7 6.1 
Flu 0.46 ND 4.5% 0.087 0.031 2.9 1.9 
Pyr 0.70 ND 7.5% 0.0010 0.20 5.1 3.2 
BaA 1.2 ND 0.68% 0.026 0.018 0.045 0.030 
Chr 2.9 ND 1.5% 0.019 0.015 0.058 0.057 
BbF 1.9 ND 4.1% 0.023 0.020 0.038 0.078 
BkF ND ND 3.3% 0.021 0.019 0.016 0.027 
BeP 3.8 ND 2.0% 0.019 0.019 0.22 0.44 
BaP 1.3 ND 3.2% 0.031 0.039 0.063 0.039 
I123cdP 0.70 5.0 3.5% 0.036 0.021 0.029 0.10 
DahA ND ND 7.1% 0.034 0.017 0.096 0.048 
BghiP 0.53 ND 3.2% 0.047 0.024 0.20 0.071 
PCB 28 ND ND 9.5% 43 6.0 66 6.3 
PCB 52 0.050 ND 3.9% 5.3 24 24 6.3 
PCB 101 0.11 ND 7.4% 2.5 4.5 39 40 
PCB 138 ND ND 11% 2.1 2.1 55 49 
PCB 153 0.19 ND 4.7% 3.1 3.9 60 72 
PCB 180 ND ND 7.4% 1.0 1.0 6.3 6.3 
PCB 77 ND ND 4.6% 1.0 1.0 6.3 6.3 
PCB 81 NA NA 11% 1.0 1.0 6.3 6.3 
PCB 126 NA NA 6.5% 1.0 1.0 6.3 6.3 
PCB 169 NA NA 13% 1.0 1.0 6.3 6.3 
PCB 105 ND ND 4.9% 1.0 1.0 6.3 6.3 
PCB 114 ND ND 14% 1.0 1.0 6.3 6.3 
PCB 118 ND ND 7.8% 2.2 2.2 13 12 
PCB 123 NA NA 9.1% 1.0 1.0 6.3 6.3 
PCB 156 ND ND 10% 1.0 1.0 6.3 6.3 
PCB 157 NA NA 17% 1.0 1.0 6.3 6.3 
PCB 167 ND ND 15% 2.1 2.1 13 13 
PCB 189 NA NA 10% 1.0 1.0 6.3 6.3 
ND: the compound cannot be detected on the back layer; NA: the compound cannot be detected on any of the layers
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S4. Atmospheric PAHs and PCBs at Sites Gri and WG in 2013/4 
Table S4. Monthly concentrations of TSP, atmospheric PAHs and PCBs at Sites Gri and WG from July 2013 to June 2014 and recoveries of 
internal standards within each sample. 
Site Gri, gas phase 
 Jul 2013 
Aug 
2013 
Sep 
2013 
Oct 
2013 
Nov 
2013 
Dec 
2013 
Jan 
2014 
Feb 
2014 
Mar 
2014 
Apr 
2014 
May 
2014 
Jun 
2014 Mean  SD Median 
Ave temp (°C) 16 17 21 22 23 24 25 25 24 22 19 17    
PAHs (pg m-3) 
Phe 2,000 1,800 1,600 1,200 1,200 1,000 800 930 1,000 1,500 1,900 1,900 1,400 400 1,400 
Ant 230 96 37 51 42 61 31 35 52 130 160 280 100 80 56 
Flu 330 360 300 240 230 390 190 280 170 240 280 310 280 64 280 
Pyr 340 280 250 220 190 380 220 290 170 220 260 290 260 58 260 
BaA 27 9.1 5.4 3.1 5.2 5.0 3.2 2.0 1.6 7.6 15 15 8.3 7.2 5.3 
Chr 78 36 25 18 16 16 9.6 6.9 6.5 18 42 47 27 20 18 
BbF 7.0 18 6.8 5.7 5.1 4.0 1.9 0.087 0.14 6.1 12 8.9 6.4 4.9 5.9 
BkF 3.4 2.5 1.1 0.52 1.1 0.64 <0.021 <0.021 <0.021 3.8 2.7 2.5 1.5 1.3 1.1 
BeP 3.5 8.1 3.0 2.6 2.3 1.5 1.3 0.18 0.29 4.0 5.7 2.9 2.9 2.2 2.7 
BaP <0.031 ND ND ND ND ND ND ND ND <0.031 ND ND NA NA NA 
I123cdP 1.7 ND 0.86 <0.036 0.77 0.55 <0.036 ND <0.036 2.4 ND 0.95 NA NA NA 
DahA ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
BghiP 1.9 ND 1.3 <0.047 1.2 0.84 <0.047 <0.047 <0.047 2.7 ND 1.0 NA NA NA 
∑13 PAHs 3,000 2,600 2,300 1,800 1,700 1,900 1,300 1,500 1,400 2,200 2,700 2,800 2,100 560 2,000 
PCBs (fg m-3) 
PCB 28 8,200 11,000 13,000 9,800 9,700 11,000 5,400 8,300 7,000 14,000 6,600 18,000 10,000 3,300 9,700 
PCB 52 3,000 3,800 4,400 4,100 3,900 4,200 2,400 3,300 3,700 5,200 4,700 4,100 3,900 730 4,000 
PCB 101 1,300 1,800 1,900 2,000 1,900 2,500 1,300 1,800 1,900 2,500 2,100 2,000 1,900 350 1,900 
PCB 138 390 550 760 700 640 760 530 720 700 900 670 690 670 120 690 
PCB 153 630 870 1,100 1,200 1,100 1,500 1,000 1,200 1,300 1,700 950 1,000 1,100 260 1,100 
PCB 180 140 200 240 270 280 420 240 300 300 450 290 230 280 83 270 
PCB 77 73 89 110 110 110 150 68 130 78 120 67 61 98 28 97 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 126 4.6 3.8 6.3 4.7 4.1 6.7 3.0 3.5 ND ND ND ND 4.6 1.2 4.3 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 105 170 240 310 250 260 310 190 250 230 330 140 260 240 55 250 
PCB 114 15 18 22 18 19 21 14 19 18 23 16 23 19 2.9 18 
PCB 118 460 720 790 800 800 930 550 750 750 850 620 770 730 120 760 
PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 156 21 35 35 35 32 34 24 28 24 39 33 49 32 7.4 33 
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PCB 157 6.7 7.6 7.1 8.4 3.7 11 5.6 5.3 5.5 8.0 10 6.5 7.1 2.0 6.9 
PCB 167 36 14 13 14 14 16 14 14 14 23 21 18 18 6.1 14 
PCB 189 ND ND ND <1.0 <1.0 ND ND <1.0 ND ND ND 1.3 NA NA NA 
∑18 PCBs 14,000 20,000 23,000 19,000 19,000 22,000 12,000 17,000 16,000 26,000 16,000 27,000 19,000 4,400 19,000 
∑12 dl-PCBs TEQ 0.49 0.42 0.68 0.52 0.45 0.73 0.33 0.39 0.039 0.050 0.032 0.040 0.35 0.24 0.41 
Internal standard (recoveries) 
2D10-Phe 53% 120% 68% 49% 84% 42% 72% 81% 75% 64% 67% 67%    
2D10-Flu 100% 92% 64% 94% 70% 59% 73% 78% 81% 99% 86% 130%    
2D12-Chr 88% 48% 99% 82% 110% 66% 110% 110% 130% 110% 110% 92%    
2D12-BbF 82% 58% 110% 74% 130% 71% 110% 120% 130% 98% 94% 63%    
2D12-BaP 70% 54% 110% 62% 130% 83% 97% 110% 120% 88% 68% 86%    
2D12-I123cdP 64% 50% 130% 64% 130% 92% 120% 130% 130% 54% 45% 58%    
2D12-BghiP 64% 53% 120% 58% 130% 68% 120% 130% 130% 47% 56% 130%    
13C12-PCB 28 68% 47% 74% 81% 81% 86% 45% 49% 77% 110% 56% 56%    
13C12-PCB 52 61% 41% 65% 60% 65% 69% 48% 49% 62% 110% 55% 52%    
13C12-PCB 101 83% 41% 74% 66% 72% 64% 64% 64% 77% 120% 56% 56%    
13C12-PCB 138 110% 57% 89% 96% 110% 90% 77% 83% 93% 96% 57% 68%    
13C12-PCB 153 94% 51% 87% 88% 92% 81% 70% 78% 87% 90% 57% 59%    
13C12-PCB 180 100% 52% 94% 89% 90% 72% 73% 77% 91% 100% 57% 61%    
13C12-PCB 77 110% 58% 84% 79% 80% 70% 58% 55% 79% 130% 50% 69%    
13C12-PCB 81 110% 60% 85% 86% 78% 80% 56% 62% 74% 130% 59% 68%    
13C12-PCB 126 140% 61% 110% 83% 96% 80% 61% 69% 84% 130% 50% 62%    
13C12-PCB 169 130% 51% 100% 94% 99% 93% 71% 69% 81% 120% 50% 77%    
13C12-PCB 105 130% 52% 75% 83% 87% 73% 67% 69% 88% 130% 52% 62%    
13C12-PCB 114 130% 58% 86% 93% 94% 85% 65% 76% 86% 130% 59% 62%    
13C12-PCB 118 110% 48% 82% 75% 81% 73% 71% 73% 84% 130% 59% 62%    
13C12-PCB 123 120% 56% 89% 82% 95% 89% 64% 75% 82% 130% 50% 61%    
13C12-PCB 156 130% 54% 88% 79% 79% 89% 74% 87% 110% 130% 50% 61%    
13C12-PCB 157 100% 47% 76% 72% 94% 57% 77% 81% 100% 140% 59% 63%    
13C12-PCB 167 110% 53% 94% 84% 87% 75% 74% 80% 99% 130% 59% 62%    
13C12-PCB 189 130% 54% 86% 93% 92% 65% 71% 78% 100% 130% 50% 65%    
Site Gri, particle-associated phase 
 Jul 2013 
Aug 
2013 
Sep 
2013 
Oct 
2013 
Nov 
2013 
Dec 
2013 
Jan 
2014 
Feb 
2014 
Mar 
2014 
Apr 
2014 
May 
2014 
Jun 
2014 Mean  SD Median 
TSP (μg m-3) 16 26 36 26 27 41 42 38 29 27 15 15 28 9.4 27 
PAHs (pg m-3) 
Phe <37 <37 <37 <37 <37 <37 <37 <37 <37 <37 <37 <37 NA NA NA 
Ant <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 <6.4 NA NA NA 
Flu 18 17 12 9.1 7.4 4.9 3.5 4.6 5.4 13 14 15 10 4.9 10 
Pyr 27 26 17 13 11 7.0 5.4 7.0 8.5 19 21 21 15 7.2 15 
BaA 15 10 4.8 3.0 3.0 1.6 1.1 1.9 2.5 8.3 8.0 12 6.0 4.5 3.9 
Chr 24 19 9.5 5.6 5.1 3.0 2.1 4.1 5.2 12 14 23 11 7.5 7.6 
BbF 57 56 25 16 11 7.8 5.5 7.8 9.6 23 37 61 26 20 20 
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BkF 17 17 8.5 5.0 4.1 2.6 1.1 1.9 2.1 8.9 16 21 8.7 6.8 6.8 
BeP 53 44 26 25 13 8.4 8.1 7.9 15 26 66 51 28 19 25 
BaP 22 20 8.3 7.2 5.4 3.2 1.6 2.3 2.4 9.2 15 23 10 7.7 7.8 
I123cdP 42 39 17 13 9.1 6.7 3.4 4.7 5.2 15 32 35 18 14 14 
DahA 7.0 6.1 3.1 2.0 2.1 1.6 0.18 0.13 0.50 4.5 4.6 5.8 3.1 2.3 2.6 
BghiP 51 44 20 20 12 7.8 4.9 7.3 7.3 20 35 42 23 16 20 
∑13 PAHs 350 320 170 140 100 76 59 71 85 180 280 330 180 110 160 
PCBs (fg m-3) 
PCB 28 9.6 19 14 13 6.7 <6.0 6.5 <6.0 <6.0 12 9.8 70 14 17 9.7 
PCB 52 <24 <24 <24 <24 <24 <24 <24 <24 <24 <24 <24 <24 NA NA NA 
PCB 101 4.6 15 6.5 4.7 <4.5 <4.5 <4.5 <4.5 <4.5 7.4 15 24 7.3 6.6 4.6 
PCB 138 11 22 14 6.5 4.5 7.0 4.9 7.9 4.1 11 14 24 11 6.3 9.4 
PCB 153 7.4 15 8.0 5.6 4.7 5.8 <3.9 5.1 <3.9 9.6 20 29 9.5 7.6 6.6 
PCB 180 6.4 13 7.9 5.0 3.8 4.8 2.7 ND 2.6 10 13 23 8.5 5.9 6.4 
PCB 77 1.4 2.7 2.1 1.9 1.8 1.4 1.1 2.0 1.6 1.7 2.4 1.7 1.8 0.40 1.8 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 126 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 105 1.1 7.5 3.4 2.0 2.7 1.1 1.4 <1.0 <1.0 <1.0 3.8 8.8 2.8 2.6 1.7 
PCB 114 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 118 6.9 19 11 6.7 5.4 5.9 3.8 3.8 3.7 8.3 9.6 18 8.6 5.1 6.8 
PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 156 1.5 2.4 ND ND ND ND ND ND ND 1.5 ND 3.4 NA NA NA 
PCB 157 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 167 <2.1 <2.1 ND ND <2.1 ND ND ND ND ND ND ND NA NA NA 
PCB 189 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
∑18 PCBs 63 130 79 57 45 43 37 36 32 74 100 210 76 50 60 
∑12 dl-PCBs TEQ 0.00046 0.0012 0.00066 0.00045 0.00045 0.00035 0.00027 0.00033 0.00029 0.00049 0.00064 0.0011 0.00055 0.00028 0.00045 
Internal standard (recoveries) 
2D10-Phe 73% 39% 51% 56% 53% 49% 75% 98% 110% 70% 67% 59%    
2D10-Flu 64% 40% 64% 44% 63% 50% 74% 86% 95% 66% 77% 65%    
2D12-Chr 84% 52% 88% 76% 88% 72% 87% 93% 110% 81% 100% 120%    
2D12-BbF 78% 48% 88% 84% 94% 72% 86% 89% 100% 74% 120% 130%    
2D12-BaP 62% 47% 70% 50% 77% 57% 45% 68% 48% 48% 53% 130%    
2D12-I123cdP 64% 57% 100% 91% 110% 77% 85% 88% 81% 56% 130% 130%    
2D12-BghiP 57% 46% 86% 82% 100% 64% 92% 92% 86% 52% 120% 130%    
13C12-PCB 28 99% 79% 98% 56% 74% 65% 59% 95% 90% 53% 76% 62%    
13C12-PCB 52 120% 72% 89% 52% 67% 56% 55% 81% 68% 54% 56% 54%    
13C12-PCB 101 130% 71% 90% 50% 75% 69% 55% 97% 82% 110% 59% 59%    
13C12-PCB 138 90% 86% 110% 71% 98% 83% 66% 100% 95% 88% 59% 78%    
13C12-PCB 153 83% 85% 110% 69% 96% 83% 64% 96% 89% 83% 55% 70%    
13C12-PCB 180 100% 78% 100% 73% 93% 79% 64% 98% 88% 90% 57% 67%    
13C12-PCB 77 140% 86% 97% 64% 84% 70% 52% 88% 75% 120% 45% 72%    
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13C12-PCB 81 140% 81% 100% 63% 85% 79% 50% 91% 73% 120% 44% 68%    
13C12-PCB 126 130% 80% 90% 65% 91% 83% 55% 89% 72% 130% 52% 73%    
13C12-PCB 169 110% 98% 99% 71% 89% 82% 52% 120% 91% 100% 51% 76%    
13C12-PCB 105 130% 71% 89% 58% 76% 85% 51% 100% 82% 130% 44% 70%    
13C12-PCB 114 130% 99% 110% 69% 77% 65% 55% 100% 88% 120% 45% 59%    
13C12-PCB 118 130% 78% 92% 64% 80% 74% 63% 110% 87% 130% 43% 64%    
13C12-PCB 123 130% 81% 84% 57% 76% 78% 56% 100% 78% 120% 43% 57%    
13C12-PCB 156 130% 75% 99% 65% 78% 66% 67% 120% 94% 130% 48% 75%    
13C12-PCB 157 130% 68% 85% 56% 74% 68% 63% 100% 85% 130% 43% 58%    
13C12-PCB 167 140% 79% 83% 65% 76% 73% 80% 130% 93% 130% 40% 63%    
13C12-PCB 189 130% 87% 95% 68% 88% 80% 61% 110% 83% 130% 44% 68%    
Site WG, gas phase 
 Jul 2013 
Aug 
2013 
Sep 
2013 
Oct 
2013 
Nov 
2013 
Dec 
2013 
Jan 
2014 
Feb 
2014 
Mar 
2014 
Apr 
2014 
May 
2014 
Jun 
2014 Mean  SD Median 
PAHs (pg m-3) 
Phe 3,500 3,300 2,900 2,200 2,000 2,000 1,900 2,900 2,400 2,900 2,900 2,800 2,600 510 2,800 
Ant 510 210 160 300 180 260 280 300 360 450 370 580 330 130 300 
Flu 800 690 850 550 760 410 530 640 460 580 590 650 630 130 620 
Pyr 960 960 910 650 870 440 720 820 610 770 750 800 770 150 780 
BaA 22 18 7.1 6.9 7.0 5.5 4.1 3.0 2.0 7.3 11 13 8.9 5.8 7.0 
Chr 42 40 15 17 16 11 7.9 4.8 4.9 17 21 23 18 12 16 
BbF 2.5 4.8 1.2 0.66 0.67 0.062 0.054 1.5 <0.023 0.072 0.72 0.47 1.1 1.3 0.67 
BkF <0.021 1.5 0.37 0.022 0.30 <0.021 <0.021 ND <0.021 <0.021 0.024 0.027 NA NA NA 
BeP 1.1 3.1 0.84 0.46 0.47 0.19 2.4 5.0 0.022 0.10 0.68 0.31 1.2 1.4 0.57 
BaP <0.031 ND ND ND ND <0.031 ND ND <0.031 <0.031 ND <0.031 NA NA NA 
I123cdP ND ND ND ND ND ND ND ND ND ND ND <0.036 NA NA NA 
DahA ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
BghiP <0.047 0.33 0.53 <0.047 0.31 <0.047 1.8 ND <0.047 <0.047 <0.047 <0.047 NA NA NA 
∑13 PAHs 5,800 5,300 4,900 3,800 3,800 3,100 3,400 4,700 3,800 4,700 4,700 4,800 4,400 770 4,700 
PCBs (fg m-3) 
PCB 28 8,900 9,400 6,400 5,100 4,100 4,800 4,900 7,900 6,100 11,000 9,600 26,000 8,700 5,600 7,100 
PCB 52 3,700 4,700 6,700 5,700 3,300 4,800 3,900 6,700 6,600 6,800 6,900 7,100 5,600 1,300 6,200 
PCB 101 2,400 2,900 5,500 4,200 4,100 3,200 2,400 4,400 3,400 4,000 3,700 2,600 3,600 910 3,600 
PCB 138 590 750 890 970 750 1,000 750 1,200 1,000 1,200 810 780 890 180 850 
PCB 153 880 830 1,400 1,100 1,100 1,200 840 1,400 1,400 1,700 1,100 1,000 1,200 270 1,100 
PCB 180 140 120 230 290 190 260 170 280 240 440 200 170 230 82 220 
PCB 77 82 100 110 130 110 130 120 150 160 110 82 99 110 22 110 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 126 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 105 320 440 1,100 770 380 520 410 840 630 540 450 360 560 220 490 
PCB 114 ND ND ND ND ND 37 34 58 42 37 40 31 40 8.2 37 
PCB 118 920 1,200 1,300 1,400 1,500 1,400 1,300 2,000 1,500 1,500 1,400 1,100 1,400 250 1,400 
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PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 156 46 59 240 100 43 64 51 75 67 65 62 56 78 52 63 
PCB 157 15 12 15 16 17 17 13 21 24 13 13 9.3 15 3.9 15 
PCB 167 ND 12 22 11 ND 39 26 37 30 120 20 28 35 30 27 
PCB 189 ND ND ND ND ND ND ND ND ND ND ND 2.6 NA NA NA 
∑18 PCBs 18,000 21,000 24,000 20,000 16,000 18,000 15,000 25,000 21,000 28,000 24,000 39,000 22,000 6,400 21,000 
∑12 dl-PCBs TEQ 0.047 0.063 0.091 0.082 0.070 0.076 0.066 0.11 0.084 0.080 0.069 0.057 0.074 0.015 0.073 
Internal standard (recoveries) 
2D10-Phe 49% 67% 91% 57% 53% 98% 55% 78% 130% 130% 130% 130%    
2D10-Flu 100% 130% 83% 80% 130% 52% 48% 80% 53% 98% 81% 110%    
2D12-Chr 94% 110% 70% 130% 130% 48% 45% 56% 50% 84% 82% 100%    
2D12-BbF 90% 65% 68% 140% 130% 44% 53% 55% 48% 82% 74% 110%    
2D12-BaP 74% 42% 58% 110% 130% 56% 50% 54% 48% 82% 54% 100%    
2D12-I123cdP 52% 56% 83% 110% 130% 58% 51% 50% 58% 68% 66% 96%    
2D12-BghiP 50% 57% 70% 110% 130% 56% 50% 52% 56% 62% 66% 90%    
13C12-PCB 28 120% 130% 130% 130% 130% 120% 120% 130% 130% 76% 58% 54%    
13C12-PCB 52 130% 130% 92% 110% 140% 67% 100% 87% 72% 59% 56% 53%    
13C12-PCB 101 100% 100% 63% 91% 73% 79% 120% 130% 99% 74% 56% 65%    
13C12-PCB 138 110% 110% 110% 110% 82% 52% 70% 98% 64% 90% 45% 73%    
13C12-PCB 153 95% 98% 65% 97% 73% 59% 85% 100% 64% 78% 37% 62%    
13C12-PCB 180 100% 140% 89% 75% 110% 58% 79% 110% 75% 88% 44% 75%    
13C12-PCB 77 120% 120% 120% 85% 89% 73% 90% 120% 86% 110% 51% 85%    
13C12-PCB 81 67% 84% 80% 87% 91% 72% 100% 120% 100% 110% 50% 88%    
13C12-PCB 126 86% 69% 73% 70% 74% 67% 95% 140% 80% 110% 56% 80%    
13C12-PCB 169 140% 130% 56% 81% 60% 76% 90% 130% 64% 110% 69% 91%    
13C12-PCB 105 98% 93% 43% 59% 100% 63% 100% 130% 80% 110% 57% 80%    
13C12-PCB 114 88% 86% 79% 95% 120% 74% 89% 130% 97% 110% 53% 87%    
13C12-PCB 118 95% 93% 100% 98% 75% 73% 93% 130% 98% 100% 46% 75%    
13C12-PCB 123 130% 130% 70% 130% 77% 67% 110% 140% 100% 100% 47% 77%    
13C12-PCB 156 100% 89% 32% 57% 92% 71% 110% 130% 98% 100% 62% 83%    
13C12-PCB 157 120% 130% 130% 64% 110% 69% 93% 140% 85% 95% 58% 77%    
13C12-PCB 167 89% 62% 63% 100% 110% 58% 92% 120% 110% 88% 71% 71%    
13C12-PCB 189 110% 110% 140% 92% 74% 53% 76% 140% 58% 120% 59% 82%    
Site WG, particle-associated phase 
 Jul 2013 
Aug 
2013 
Sep 
2013 
Oct 
2013 
Nov 
2013 
Dec 
2013 
Jan 
2014 
Feb 
2014 
Mar 
2014 
Apr 
2014 
May 
2014 
Jun 
2014 Mean  SD Median 
TSP (μg m-3) 25 39 47 36 30 50 46 43 35 32 25 25 36 8.7 36 
PAHs (pg m-3) 
Phe 72 61 57 40 49 <37 39 54 68 56 75 80 56 17 57 
Ant 10 12 9.2 <6.4 <6.4 6.8 6.5 12 <6.4 11 <6.4 11 7.6 3.5 8.0 
Flu 81 65 68 47 53 29 33 56 73 56 84 98 62 20 60 
Pyr 140 110 120 85 100 50 58 100 140 100 120 140 110 29 110 
BaA 70 58 40 24 29 26 24 35 21 30 37 52 37 15 33 
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Chr 110 87 69 50 54 44 37 44 39 53 72 110 64 25 53 
BbF 160 170 77 59 64 39 30 38 32 51 65 150 78 49 62 
BkF 49 43 20 15 15 11 8.3 9.5 8.0 15 26 41 22 14 15 
BeP 300 210 130 180 180 55 79 50 160 94 350 160 160 88 160 
BaP 72 77 31 28 23 17 12 14 18 23 53 48 35 22 26 
I123cdP 98 130 45 36 44 16 11 14 13 28 59 76 48 36 40 
DahA 16 23 9.0 5.7 8.6 4.6 3.7 4.8 2.6 6.6 13 13 9.2 5.7 7.6 
BghiP 160 230 100 77 83 34 24 34 31 59 93 120 87 58 80 
∑13 PAHs 1,300 1,300 780 650 700 350 370 470 620 590 1,100 1,100 770 320 680 
PCBs (fg m-3) 
PCB 28 43 11 59 35 11 22 21 36 46 67 84 110 46 29 40 
PCB 52 <24 <24 <24 <24 <24 <24 <24 <24 <24 <24 <24 27 NA NA NA 
PCB 101 22 32 25 18 13 13 13 20 18 30 36 41 24 9.0 21 
PCB 138 37 53 26 19 17 18 21 25 24 38 56 53 32 14 25 
PCB 153 22 34 27 ND ND 16 7.8 22 17 31 55 45 28 13 25 
PCB 180 40 52 25 17 17 11 10 14 23 24 40 36 26 13 23 
PCB 77 7.7 10 <1.0 6.6 4.5 3.1 2.6 7.2 9.8 6.6 6.8 7.2 6.1 2.8 6.7 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 126 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 105 33 34 16 4.7 12 10 7.3 19 14 22 20 23 18 8.8 17 
PCB 114 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 118 43 54 48 26 28 24 19 40 31 39 54 49 38 12 40 
PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
PCB 156 ND ND 6.8 ND ND 4.0 ND 5.7 7.3 4.7 8.1 11 6.8 2.2 6.8 
PCB 157 ND ND ND ND ND 2.8 ND ND ND <1.0 ND 1.6 NA NA NA 
PCB 167 ND ND ND ND ND ND ND ND ND 3.3 3.6 6.6 NA NA NA 
PCB 189 ND ND ND ND ND ND ND ND ND ND ND ND NA NA NA 
∑18 PCBs 260 290 240 140 110 140 110 200 200 280 380 410 230 95 220 
∑12 dl-PCBs TEQ 0.0030 0.0037 0.0022 0.0016 0.0016 0.0015 0.0010 0.0027 0.0025 0.0027 0.0033 0.0035 0.0024 0.00081 0.0026 
Internal standard (recoveries) 
2D10-Phe 140% 120% 120% 120% 78% 49% 41% 45% 79% 82% 99% 81%    
2D10-Flu 92% 82% 95% 110% 87% 79% 55% 72% 78% 65% 98% 66%    
2D12-Chr 89% 78% 95% 95% 81% 72% 44% 63% 54% 71% 87% 110%    
2D12-BbF 72% 60% 73% 84% 68% 57% 59% 46% 40% 58% 59% 110%    
2D12-BaP 56% 40% 48% 52% 57% 58% 58% 58% 57% 51% 57% 74%    
2D12-I123cdP 54% 43% 46% 51% 53% 52% 52% 51% 50% 58% 54% 66%    
2D12-BghiP 59% 45% 51% 57% 59% 55% 53% 55% 54% 50% 52% 68%    
13C12-PCB 28 130% 100% 120% 120% 120% 110% 77% 110% 96% 120% 76% 64%    
13C12-PCB 52 110% 110% 81% 110% 100% 92% 67% 100% 83% 110% 56% 56%    
13C12-PCB 101 89% 100% 76% 98% 120% 93% 75% 120% 86% 130% 56% 58%    
13C12-PCB 138 96% 110% 100% 83% 100% 89% 62% 97% 75% 91% 54% 70%    
13C12-PCB 153 82% 71% 75% 85% 85% 92% 77% 83% 90% 81% 59% 62%    
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13C12-PCB 180 76% 74% 110% 120% 110% 96% 84% 110% 90% 97% 50% 64%    
13C12-PCB 77 85% 100% 76% 130% 130% 100% 82% 130% 72% 140% 56% 67%    
13C12-PCB 81 71% 87% 50% 95% 110% 95% 79% 110% 84% 130% 40% 69%    
13C12-PCB 126 76% 85% 89% 70% 120% 89% 87% 130% 120% 130% 57% 69%    
13C12-PCB 169 100% 77% 84% 65% 140% 120% 79% 140% 99% 130% 55% 80%    
13C12-PCB 105 64% 60% 81% 97% 59% 110% 71% 120% 79% 130% 58% 66%    
13C12-PCB 114 71% 47% 76% 96% 100% 83% 81% 100% 70% 140% 56% 58%    
13C12-PCB 118 83% 82% 82% 95% 110% 91% 73% 110% 85% 140% 56% 61%    
13C12-PCB 123 130% 86% 81% 96% 130% 110% 79% 110% 74% 130% 59% 57%    
13C12-PCB 156 96% 72% 65% 84% 120% 110% 100% 120% 86% 140% 55% 70%    
13C12-PCB 157 120% 86% 140% 120% 110% 96% 77% 120% 89% 140% 50% 65%    
13C12-PCB 167 87% 75% 74% 120% 120% 100% 68% 140% 120% 130% 54% 63%    
13C12-PCB 189 91% 100% 68% 120% 120% 100% 63% 110% 76% 140% 41% 68%    
ND: No peak with an S/N ≥ 3 can be identified; NA: statistical results were not available due to a low detection frequency; Mean, SD and median: available for compounds with a 
frequency of quantitative detection (i.e. above the MDLs) > 50%. In this case, for compounds whose concentrations were below its MDL in a given month, a concentration of half the 
MDL was assigned 
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S5. Changes in concentrations of PAHs and PCBs in Brisbane air over two decades 
Table S5. Concentrations of PAHs (pg m-3) and PCBs (fg m-3) (gaseous + particle-associated) 
in 1994/5 and 2013/4 at Site Gri. 
 1994 - 1995 (Mueller, 1997) 2013 - 2014 (this study) 
 Mean ± SD Median n Mean ± SD Median n 
Phe 15,000 ± 7,600 15,000 12 1,400 ± 400 1,400 12 
Ant 720 ± 530 620 12 100 ± 80 59 12 
Flu 1,500 ± 730 1,200 12 290 ± 66 290 12 
Pyr 2,200 ± 2,400 1,600 12 270 ± 60 270 12 
BaA 53 ± 28 53 12 14 ± 11 9.1 12 
Chr 340 ± 270 220 12 37 ± 27 27 12 
BbF 310 ± 190 240 12 33 ± 24 25 12 
BkF 98 ± 50 88 8 10 ± 7.9 7.6 12 
BeP 160 ± 110 87 12 31 ± 21 28 12 
BaP 96 ± 59 NA 11 10 ± 7.7 7.8 12 
I123cdP 240 ± 110 NA 6 19 ± 14 15 12 
DahA 25 ± 13 NA 5 3.1 ± 2.3 2.6 12 
BghiP 280 ± 120 NA 8 23 ± 16 21 12 
∑13 PAHs 21,000 ± 10,000 19,000 12 2,300 ± 660 2,200 12 
PCB 28 54,000 ± 21,000 53,000 4 10,000 ± 5,100 7,000 3 
PCB 52 14,000 ± 5,400 14,000 4 4,200 ± 380 4,100 3 
PCB 101 4,400 ± 1,600 3,900 4 2,000 ± 100 2,000 3 
PCB 138 1,700 ± 390 1,700 4 700 ± 13 700 3 
PCB 153 2,600 ± 840 2,500 4 1,100 ± 120 1,100 3 
PCB 180 520 ± 250 580 4 290 ± 22 300 3 
∑6 iPCBs 77,000 ± 29,000 75,000 4 19,000 ± 5,100 15,000 3 
NA: numbers of samples are not sufficient to calculate median values; For compounds whose concentrations were 
below the MDL, a concentration of half the MDL was assigned
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Table S6. Available data for concentrations (mean ± SD) of PAHs (pg m-3) (gaseous + 
particle-associated) from 1994 to 2013/4 at Site WG. 
 1994 (Mueller, 1997) 
2002 (Bartkow 
et al., 2004) 
2007 (Kennedy 
et al., 2010) 
2007 (Kennedy 
et al., 2010) 
2013-2014 (this 
study) 
Sampling 
period Jul & Aug Apr Jan & Feb Jul & Aug Annual mean 
Phe 36,000 ± 16,000 (n = 4) 
4,900 
(n = 1) 
3,700  
(n = 2) 
11,000  
(n = 2) 
2,700 ± 520 
(n = 12) 
Ant 4,300 ± 2,800 (n = 4) 
850 
(n = 1) 
570  
(n = 2) 
1,500  
(n = 2) 
340 ± 130 
(n = 12) 
Flu 7,600 ± 3,300 (n = 4) 
3,000  
(n = 1) 
2,100  
(n = 2) 
3,600  
(n = 2) 
690 ± 140 
(n = 12) 
Pyr 14,000 ± 10,000 (n = 4) 
3,200  
(n = 1) 
2,800  
(n = 2) 
4,100  
(n = 2) 
880 ± 160 
(n = 12) 
BaA 1,200 ± 140 (n = 4) 
510  
(n = 1) 
310  
(n = 2) 
390  
(n = 2) 
46 ± 20 
(n = 12) 
Chr 2,000 ± 350 (n = 4) 
460  
(n = 1) 
390  
(n = 2) 
540  
(n = 2) 
82 ± 35 
(n = 12) 
BbF 1,900 ± 370 (n = 4) 600#  
(n = 1) 
260#  
(n = 2) 
310#  
(n = 2) 
79 ± 50 
(n = 12) 
BkF 2,200 ± 670 (n = 4) 
22 ± 14 
(n = 12) 
BeP 1,500 ± 370 (n = 4) 
260  
(n = 1) 
150  
(n = 2) 
290  
(n = 2) 
160 ± 88 
(n = 12) 
BaP 1,500 ± 280 (n = 4) 
120  
(n = 1) 
88  
(n = 2) 
160  
(n = 2) 
35 ± 22 
(n = 12) 
I123cdP 2,900 ± 1,000 (n = 4) 
270  
(n = 1) 
56  
(n = 2) 
250  
(n = 2) 
48 ± 36  
(n = 12) 
DahA ND 50  (n = 1) 
<0.0054  
(n = 2) 
54  
(n = 2) 
9.2 ± 5.7 
(n = 12) 
BghiP 4,900 ± 1,100 (n = 4) 
1,100  
(n = 1) 
15  
(n = 2) 
2,400  
(n = 2) 
87 ± 58 
(n = 12) 
∑13 PAHs 79,000 ± 30,000 15,000 10,000 25,000 5,200 ± 1,000 
For compounds whose concentrations were below the MDL, a concentration of half the MDL was assigned; #BbF + 
BkF
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Table S7. Estimated halving time (y) of PAHs and PCBs (gaseous + particle-associated) in 
Brisbane air. 
PAHs Site Gri Site WG PCBs Site Gri 
Phe 5.9 ± 0.57 11 ± 5.1 PCB 28 9.2 ± 2.1 
Ant 6.7 ± 1.1 9.1 ± 4.3 PCB 52 12 ± 3.5 
Flu 8.6 ± 1.0 5.3 ± 1.2 PCB 101 24$ 
Pyr 6.9 ± 0.76 5.3 ± 1.2 PCB 153 14 ± 5.5 
BaA 9.0 ± 1.9 3.6 ± 1.6 PCB 138 14 ± 4.4 
Chr 5.8 ± 0.80 4.0 ± 1.5 PCB 180 24$ 
BbF 5.6 ± 0.82 4.0 ± 0.29* ∑6 iPCBs 11 ± 2.9 BkF 5.4 ± 0.94   
BeP 8.4 ± 1.8 7.7 ± 0.78   
BaP 5.3 ± 0.80 3.9 ± 1.3   
I123cdP 5.0 ± 0.83 3.6 ± 0.40   
DahA 6.5 ± 2.1 4.1 ± 0.071   
BghiP 5.1 ± 0.69 3.7 ± 1.3^   
∑13 PAHs 6.2 ± 0.56 6.2 ± 0.57   
*BbF + BkF; ^Calculated halving time for a specific month is excluded if negative; $SD is not calculable  
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S6. Occurrence of bushfires in Australia in 2013/4 
 
Figure S3. Occurrence of bushfires in Australia in summer (left panel) and cooler months 
(right panel) in 2013/4 (Geoscience Australia, 2014).
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S7. Emissions of PAHs and PCBs during a controlled burn event 
Table S8. Atmospheric concentrations of TSP, PAHs and PCBs at the sampling site during the controlled burn event and recoveries of internal 
standards within each sample. 
Gas phase 
 Before event 
During 
bushfire event 
(0-7 h) 
During post event 
(smoldering, 8-13 h) 
During post event 
(smoldering, 14-22 h) 
After event  
(23-34 h) 
After event 
(35-47 h) 
After event 
(48-56 h) 
After event 
(57-70 h) 
PAHs (pg m-3) 
Phe 2,800 24,000 16,000 14,000 1,400 4,700 1,500 5,200 
Ant 78 5,700 3,100 3,300 230 720 74 550 
Flu 730 2,200 5,400 2,900 690 700 950 840 
Pyr 570 1,500 4,600 2,300 640 600 610 880 
BaA 17 230 61 180 24 15 9.7 12 
Chr 38 310 100 190 47 51 35 46 
BbF 9.8 0.45 0.54 <0.038 9.1 4.1 0.24 1.0 
BkF 2.4 0.16 0.16 0.19 0.38 0.28 0.061 0.15 
BeP 5.2 0.60 0.94 0.87 3.8 1.4 0.41 0.91 
BaP 1.5 0.068 0.082 0.081 <0.063 <0.063 <0.063 <0.063 
I123cdP 4.1 0.097 <0.029 <0.029 <0.029 <0.029 0.039 <0.029 
DahA 0.13 ND ND ND ND ND ND ND 
BghiP 2.4 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 
∑13 PAHs 4,300 34,000 29,000 23,000 3,100 6,800 3,200 7,600 
PCBs (fg m-3) 
PCB 28 3,600 2,900 2,900 3,600 4,400 7,800 4,000 8,500 
PCB 52 3,700 4,100 8,100 3,700 3,900 4,300 5,600 6,700 
PCB 101 2,500 5,800 5,200 2,500 3,000 2,200 4,500 4,300 
PCB 138 540 1,000 1,300 630 770 500 1,200 970 
PCB 153 680 1,300 1,200 680 950 620 1,500 1,200 
PCB 180 120 150 250 120 160 130 310 240 
PCB 77 67 95 330 55 70 66 100 96 
PCB 81 ND ND ND ND ND ND ND ND 
PCB 126 ND ND ND ND ND ND ND ND 
PCB 169 ND ND ND ND ND ND ND ND 
PCB 105 340 390 960 240 320 220 600 480 
PCB 114 27 52 94 30 32 20 53 42 
PCB 118 980 1,600 2,500 800 1,300 770 2,000 1,600 
PCB 123 ND ND ND ND ND ND ND ND 
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PCB 156 30 37 63 22 39 26 59 43 
PCB 157 7.4 ND 27 <6.3 11 7.4 17 7.4 
PCB 167 <13 80 35 18 20 <13 36 27 
PCB 189 ND ND ND ND ND ND ND ND 
∑18 PCBs 13,000 17,000 23,000 12,000 15,000 17,000 20,000 24,000 
∑12 dl-PCBs TEQ 0.048 0.076 0.15 0.039 0.058 0.038 0.093 0.075 
Internal standard (recoveries) 
2D10-Phe 70% 50% 54% 50% 86% 120% 140% 50% 
2D10-Flu 73% 50% 50% 50% 100% 90% 120% 110% 
2D12-Chr 110% 140% 68% 140% 120% 130% 140% 140% 
2D12-BbF 130% 140% 81% 150% 110% 140% 130% 140% 
2D12-BaP 140% 140% 91% 140% 110% 140% 150% 140% 
2D12-I123cdP 87% 140% 68% 140% 60% 130% 140% 140% 
2D12-BghiP 110% 140% 73% 140% 76% 140% 140% 150% 
13C12-PCB 28 41% 49% 49% 60% 85% 89% 40% 52% 
13C12-PCB 52 47% 42% 42% 47% 71% 75% 43% 48% 
13C12-PCB 101 48% 46% 45% 46% 73% 82% 34% 51% 
13C12-PCB 138 54% 55% 46% 41% 67% 75% 51% 46% 
13C12-PCB 153 49% 44% 56% 47% 64% 71% 49% 44% 
13C12-PCB 180 58% 46% 55% 58% 71% 78% 51% 46% 
13C12-PCB 77 48% 46% 54% 58% 83% 92% 41% 56% 
13C12-PCB 81 48% 47% 56% 54% 82% 94% 56% 56% 
13C12-PCB 126 59% 58% 43% 55% 90% 100% 42% 66% 
13C12-PCB 169 70% 43% 49% 59% 99% 110% 44% 71% 
13C12-PCB 105 57% 40% 49% 56% 91% 110% 59% 61% 
13C12-PCB 114 67% 45% 50% 49% 86% 96% 46% 59% 
13C12-PCB 118 61% 40% 58% 53% 80% 95% 46% 56% 
13C12-PCB 123 68% 50% 59% 54% 83% 95% 41% 58% 
13C12-PCB 156 73% 52% 50% 50% 99% 98% 45% 69% 
13C12-PCB 157 59% 45% 47% 44% 83% 97% 58% 60% 
13C12-PCB 167 71% 47% 47% 49% 83% 91% 40% 58% 
13C12-PCB 189 70% 49% 49% 47% 87% 100% 59% 61% 
Particle-associated phase 
 Before event 
During 
bushfire event 
(0-7 h) 
During post event 
(smoldering, 8-13 h) 
During post event 
(smoldering, 14-22 h) 
After event  
(23-34 h) 
After event 
(35-47 h) 
After event 
(48-56 h) 
After event 
(57-70 h) 
TSP (μg m-3) 12 140 72 55 81 39 57 40 
PAHs (pg m-3) 
Phe <110 140 <110 <110 <110 <110 <110 <110 
Ant <12 33 28 16 <12 <12 <12 <12 
Flu 39 890 300 140 40 67 63 41 
Pyr 54 1,900 350 170 53 78 81 47 
BaA 37 1,800 500 370 31 48 34 24 
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Chr 56 2,600 570 470 49 86 52 43 
BbF 150 560 470 500 85 150 97 93 
BkF 67 360 180 230 27 63 33 31 
BeP 130 630 410 570 79 130 87 66 
BaP 78 640 400 430 39 70 40 35 
I123cdP 140 670 400 530 72 150 70 77 
DahA 21 130 65 110 8.9 22 8.4 10 
BghiP 160 650 360 550 100 170 100 81 
∑13 PAHs 1,000 11,000 4,100 4,100 650 1,100 730 610 
PCBs (fg m-3) 
PCB 28 25 89 110 35 29 50 76 35 
PCB 52 44 180 150 98 90 110 77 60 
PCB 101 160 2,200 490 320 330 260 200 140 
PCB 138 340 4,700 470 370 370 220 220 130 
PCB 153 290 3,700 350 410 280 210 230 93 
PCB 180 140 870 250 300 130 88 84 32 
PCB 77 ND 61 30 ND ND ND 21 7.1 
PCB 81 ND ND ND ND ND ND ND ND 
PCB 126 ND ND ND ND ND ND ND ND 
PCB 169 ND ND ND ND ND ND ND ND 
PCB 105 72 1,700 270 140 150 130 110 69 
PCB 114 ND 93 23 ND ND ND ND ND 
PCB 118 230 3,700 680 340 340 240 290 150 
PCB 123 ND ND ND ND ND ND ND ND 
PCB 156 ND 590 56 ND ND ND ND ND 
PCB 157 ND 130 12 <6.3 ND ND ND ND 
PCB 167 ND 220 22 ND ND ND ND ND 
PCB 189 ND 49 ND ND ND ND ND ND 
∑18 PCBs 1,300 18,000 2,900 2,000 1,700 1,300 1,300 720 
∑12 dl-PCBs TEQ 0.0092 0.20 0.035 0.014 0.015 0.011 0.014 0.0073 
Internal standard (recoveries) 
2D10-Phe 50% 56% 91% 89% 51% 74% 130% 46% 
2D10-Flu 66% 65% 87% 77% 46% 58% 80% 53% 
2D12-Chr 81% 80% 97% 85% 53% 69% 88% 69% 
2D12-BbF 99% 81% 110% 83% 51% 79% 100% 82% 
2D12-BaP 97% 94% 110% 92% 47% 79% 100% 85% 
2D12-I123cdP 120% 100% 120% 110% 59% 99% 130% 100% 
2D12-BghiP 100% 72% 88% 80% 52% 81% 110% 84% 
13C12-PCB 28 47% 76% 66% 59% 78% 55% 41% 58% 
13C12-PCB 52 53% 49% 59% 59% 53% 56% 49% 44% 
13C12-PCB 101 55% 54% 62% 59% 54% 66% 51% 55% 
13C12-PCB 138 54% 50% 60% 50% 53% 57% 50% 69% 
13C12-PCB 153 54% 45% 53% 57% 52% 47% 49% 55% 
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13C12-PCB 180 44% 53% 46% 58% 54% 66% 49% 40% 
13C12-PCB 77 59% 64% 70% 59% 58% 68% 53% 53% 
13C12-PCB 81 57% 63% 64% 58% 54% 58% 54% 40% 
13C12-PCB 126 50% 65% 78% 50% 57% 68% 64% 45% 
13C12-PCB 169 50% 62% 81% 50% 55% 53% 55% 55% 
13C12-PCB 105 59% 63% 73% 50% 58% 58% 44% 61% 
13C12-PCB 114 56% 61% 64% 51% 52% 69% 55% 49% 
13C12-PCB 118 58% 62% 65% 59% 56% 57% 53% 51% 
13C12-PCB 123 58% 61% 71% 50% 50% 46% 56% 67% 
13C12-PCB 156 58% 66% 75% 59% 57% 41% 52% 59% 
13C12-PCB 157 65% 64% 63% 50% 56% 47% 46% 66% 
13C12-PCB 167 57% 59% 65% 52% 57% 56% 61% 67% 
13C12-PCB 189 58% 62% 74% 52% 56% 48% 52% 56% 
ND: No peak with an S/N ≥ 3 can be identified; NA: statistic results were not available due to a low detection frequency; Mean, SD and median: available for compounds with a 
frequency of quantitative detection (i.e. above the MDLs) > 50%. In this case, for compounds whose concentrations were below its MDL, a concentration of half the MDL was 
assigned
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S8. Emissions of PAHs during a tunnel sampling event in Brisbane  
Table S9. Concentrations of PAHs (pg m-3, gaseous + particle-associated) during the tunnel 
sampling event and recoveries of internal standards. 
PAHs Concentrations Internal standard Recoveries of internal standard 
Phe 13,000 2D10-Phe 140% Ant 1,600 
Flu 3,400 2D10-Flu 130% Pyr 6,200 
BaA 480 2D12-Chr 64% Chr 480 
BbF 380 2D12-BbF 58% BkF 200 
BeP 480 2D12-BaP 52% BaP 300 
I123cdP 190 2D12-I123cdP 59% DahA 120 
BghiP 330 2D12-BghiP 59% 
∑13 PAHs 27,000   
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S9. Diagnostic ratios of PAHs 
Table S10. Diagnostic ratios of PAHs for samples from different campaigns. 
  Ant/(Ant + Phe)a BaA/(BaA + Chr) a BaP/(BaP + BeP)b BaP/BghiP a Flu/(Flu + Pyr) a I123cdP/(I123cdP + BghiP) a 
1990s 
Site Gri spring 0.037 0.11 0.44 0.22 0.36 0.34 
Site Gri summer 0.085 0.26 0.49 0.25 0.39 0.32 
Site Gri autumn 0.051 0.13 0.44 0.37 0.51 0.48 
Site Gri winter 0.043 0.10 0.29 0.43 0.43 0.52 
Site WG winter 0.098 0.38 0.51 0.33 0.40 0.36 
bushfire event c  0.23   0.61 0.70 
2010s 
Site Gri spring 0.034 0.24 0.23 0.39 0.53 0.43 
Site Gri summer 0.045 0.26 0.20 0.34 0.49 0.42 
Site Gri autumn 0.069 0.30 0.18 0.40 0.50 0.44 
Site Gri winter 0.096 0.28 0.29 0.47 0.52 0.46 
Site WG spring 0.10 0.34 0.15 0.32 0.46 0.32 
Site WG summer 0.11 0.40 0.19 0.46 0.44 0.30 
Site WG autumn 0.13 0.35 0.14 0.52 0.43 0.34 
Site WG winter 0.15 0.36 0.23 0.40 0.44 0.38 
Tunnel 0.11 0.50 0.38 0.91 0.35 0.37 
bushfire event 0.18 0.44 0.48 0.96 0.52 0.51 
 Petrogenic  <0.1 <0.2   <0.4 <0.2 
Pyrogenic >0.1 >0.35   >0.4 >0.2 
Fuel combustion     0.4 - 0.5 0.2 - 0.5 
Grass/coal/wood combustion     >0.5 >0.5 
Traffic    >0.6   
Non-traffic    <0.6   
Fresh particles   ~0.5    
Aged particles   <0.5    
References: a from Bucheli et al., 2004; Yunker et al., 2002; b from Grimmer et al., 1983; Oliveira et al., 2011; c Freeman and Cattell, 1990
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Figure S4. Relative concentrations of Flu and Pyr in (a) 1994/5 and (b) 2013/4, from 
chromatograms filtered by ion m/e = 202.0782, in samples from Sites Gri and WG in the 
cooler season as well as the bushfire event and tunnel traffic. The bushfire event sample (n=1, 
particle-associated phase only) in (a) was from Sydney, Australia around 1990 (published 
year; the sampling period was not stated in the publication) (Freeman and Cattell, 1990). 
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Figure S5. Relative concentrations of BeP and BaP in (a) 1994/5 and (b) 2013/4, from 
chromatograms filtered by ion m/e = 252.0939, in samples from Sites Gri and WG in the 
cooler season as well as the bushfire event and tunnel traffic.
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Diagnostic ratios of various PAHs have become a common tool to help identify the major sources 
contributing to samples from environmental matrices. However, caution must be exercised when 
trying to identify a specific source (or estimate its contribution) at a receptor site using these 
diagnostic ratios. This identification can be compromised by a) the difference in photochemical 
property and oxidation reaction rate with oxidising agents in air between compounds (e.g. for 
Ant/(Ant + Phe)) and/or 2) confounding results of some of the ratios from different sources (e.g. for 
BaP/BghiP) (Table S11) (Dvorská et al., 2011; Katsoyiannis et al., 2011; Tobiszewski and Namieśnik, 
2012).  
 
Flu/(Flu + Pyr) has been considered as a relatively reliable diagnostic ratio with the components of 
similar photolability and oxidation reaction rate with oxidising agents for example (Tobiszewski and 
Namieśnik, 2012). A value of 0.4-0.5 indicates fossil fuel combustion compared to >0.5 indicating 
wood combustion (De La Torre-Roche et al., 2009).
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S10. Principal component analysis (PCA) 
 
 
Figure S6. PCA biplots for PAHs (upper) and PCBs (lower). G and W represents Sites Gri 
and WG respectively. 90s and 10s represents the 1994/5 and 2013/4 campaign respectively. 
PAH data from 1994/5 were aggregated into seasons. 
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For PAHs, components 1 and 2 explain approximately 70% of variance in the data. The 
bushfire sample has a higher score on component 1 than the tunnel sample and furthermore 
they can be better separated on component 2. Group 1, which has a high factor loading of 
BeP, DahA and BaA, mostly includes the samples from Site WG, indicating vehicular 
emissions as the important source for PAHs measured at Site WG, especially during cooler 
months. Group 2 has a high factor loading of larger PAHs, reflecting an association of these 
compounds with bushfire emissions. It should be noted that BghiP has a higher factor loading 
on component 1 (0.86) than component 2 (-0.11) in this study. This result was different to 
those from a range of previous studies where BghiP was considered as an indicator 
compound relevant to traffic emissions (Baek et al., 1991; Guo et al., 2003; Han et al., 2009). 
Also, group 2 includes samples collected at Site Gri from cooler months in 2013/4, indicating 
an association of bushfires with PAHs measured within these samples. Group 4, which has 
similar scores on component 2 to the tunnel sample, is well separated from the bushfire 
sample. This observation thus indicated that the samples in this group, containing mostly the 
ones from relatively warm seasons in the 2013/4 campaign, had a stronger relationship with 
vehicular than bushfire emissions. 
Compared to PAHs, data points for PCBs are more aggregated within the score plots based 
on component 1 and 2 (together explaining 80% of the variance). The bushfire sample is 
separated from this aggregation and has a high score on component 1. Group 1 contains most 
of the samples from Site WG and thus source characteristic of urban areas may be influential 
on component 2. However most of the samples from Site Gri are included in group 3 and 
separated from groups 1 and 2 on component 1. PCB 28 is the only congener with a high 
factor loading for this group and smaller congeners are expected to have a greater capacity 
for LRAT (Lammel and Stemmler, 2012; Wania and Su, 2004). Therefore, besides the 
potential importance of emissions from bushfires as discussed in section 3.4.3, LRAT maybe 
also an important contributor to PCB concentrations in air measured at Site Gri.    
Page 221 of 286 
 
References 
Baek, S.O., Field, R.A., Goldstone, M.E., Kirk, P.W., Lester, J.N., Perry, R., 1991. A review 
of atmospheric polycyclic aromatic hydrocarbons: Sources, fate and behavior. Water, Air, 
and Soil Pollution 60, 279-300. 
Bartkow, M.E., Huckins, J.N., Mueller, J.F., 2004. Field-based evaluation of semipermeable 
membrane devices (SPMDs) as passive air samplers of polyaromatic hydrocarbons (PAHs). 
Atmospheric Environment 38, 5983-5990. 
Bucheli, T.D., Blum, F., Desaules, A., Gustafsson, Ö., 2004. Polycyclic aromatic 
hydrocarbons, black carbon, and molecular markers in soils of Switzerland. Chemosphere 56, 
1061-1076. 
De La Torre-Roche, R.J., Lee, W.-Y., Campos-Díaz, S.I., 2009. Soil-borne polycyclic 
aromatic hydrocarbons in El Paso, Texas: Analysis of a potential problem in the United 
States/Mexico border region. Journal of Hazardous Materials 163, 946-958. 
Dvorská, A., Lammel, G., Klánová, J., 2011. Use of diagnostic ratios for studying source 
apportionment and reactivity of ambient polycyclic aromatic hydrocarbons over Central 
Europe. Atmospheric Environment 45, 420-427. 
Freeman, D.J., Cattell, F.C.R., 1990. Woodburning as a source of atmospheric polycyclic 
aromatic hydrocarbons. Environmental Science and Technology 24, 1581-1585. 
Geoscience Australia, 2014. Sentinel Hotspots across Australia. 
http://sentinel.ga.gov.au/#/main. Accessed in 2015. 
Grimmer, G., Jacob, J., Naujack, K.W., 1983. Profile of the polycyclic aromatic compounds 
from crude oils. Fresenius' Zeitschrift für analytische Chemie 314, 29-36. 
Guo, H., Lee, S.C., Ho, K.F., Wang, X.M., Zou, S.C., 2003. Particle-associated polycyclic 
aromatic hydrocarbons in urban air of Hong Kong. Atmospheric Environment 37, 5307-5317. 
Han, B., Bai, Z., Guo, G., Wang, F., Li, F., Liu, Q., Ji, Y., Li, X., Hu, Y., 2009. 
Characterization of PM10 fraction of road dust for polycyclic aromatic hydrocarbons (PAHs) 
from Anshan, China. Journal of Hazardous Materials 170, 934-940. 
Katsoyiannis, A., Sweetman, A.J., Jones, K.C., 2011. PAH molecular diagnostic ratios 
applied to atmospheric sources: A critical evaluation using two decades of source inventory 
Page 222 of 286 
 
and air concentration data from the UK. Environmental Science and Technology 45, 8897-
8906. 
Kennedy, K., Macova, M., Bartkow, M.E., Hawker, D.W., Zhao, B., Denison, M.S., Mueller, 
J.F., 2010. Effect based monitoring of seasonal ambient air exposures in Australia sampled 
by PUF passive air samplers. Atmospheric Pollution Research 1, 50-58. 
Lammel, G., Stemmler, I., 2012. Fractionation and current time trends of PCB congeners: 
Evolvement of distributions 1950-2010 studied using a global atmosphere-ocean general 
circulation model. Atmospheric Chemistry and Physics 12, 7199-7213. 
Mueller, J.F., 1997. Occurrence and Distribution Processes of Semivolatile Organic 
Chemicals in the Atmosphere and Leaves. Ph.D. Dissertation, Griffith University. 
Oliveira, C., Martins, N., Tavares, J., Pio, C., Cerqueira, M., Matos, M., Silva, H., Oliveira, 
C., Camões, F., 2011. Size distribution of polycyclic aromatic hydrocarbons in a roadway 
tunnel in Lisbon, Portugal. Chemosphere 83, 1588-1596. 
Tobiszewski, M., Namieśnik, J., 2012. PAH diagnostic ratios for the identification of 
pollution emission sources. Environmental Pollution 162, 110-119. 
Wania, F., Su, Y., 2004. Quantifying the Global Fractionation of Polychlorinated Biphenyls. 
AMBIO: A Journal of the Human Environment 33, 161-168. 
Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S., 
2002. PAHs in the Fraser River basin: A critical appraisal of PAH ratios as indicators of PAH 
source and composition. Organic Geochemistry 33, 489-515. 
Page 223 of 286 
 
Appendix 3. Supplementary information for Chapter 5 
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S1 Sample collection 
 
Figure S1. Sampling at Site A for the subtropical forest fire event. 
 
Figure S2. Wind rose plot for Site A during the flaming phase. 
 
N
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Figure S3. (a) Active fires observed (red spots) from MODIS Terra and Aqua satellite images 
in the tropical savannah region of northern Australia during the time period of that Samples 8, 
3 and 11 were obtained. (The yellow spot denotes the sampling site). (b) Plume from an 
adjacent fire observed on 25th June (within Sample 11) from the sampling station. 
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Table S1. Detailed information of sample collection 
Subtropical forest fire, Toohey Forest, South East Queensland, Australia (in August, 2013) 
 Site A (10 m away) 
Site B 
(150 m away) 
Site C 
(350 m away) 
Prior to the event 
(18 h, from 15:00 09th to 09:00 10th) √ √
# √ 
Flaming phase 
(7 h, from 09:00 10th to 16:00 10th) √ √ √ 
Smoldering phase 1 
(6 h, from 16:00 10th to 22:00 10th) √ √ √ 
Smoldering phase 2 
(9 h, from 22:00 10th to 07:00 11th) √ NA √ 
Post event 
(11 h, from 07:00 11th to 18:00 11th) √ √ √ 
Post event 
(13 h, from 18:00 11th to 07:00 12th) √ NA √ 
Post event 
(10 h, from 07:00 12th to 17:00 12th) √ √ √ 
Post event 
(14 h, from 17:00 12th to 07:00 13th) √ NA NA 
Tropical savannah fires, ATARS, Northern Territory, Australia (in June, 2014) 
Air samples Time periods Identified smoke events 
Sample 1 ~48 h, from 11:52 05th to 11:38 07th NA 
Sample 2 ~48 h, from 11:59 07th to 11:27 09th From 19:10 08th to 20:15 08th (1 h 05 min) 
Sample 3 ~48 h, from 11:43 09th to 12:04 11th From 19:45 09th to 00:32 10th (4 h 47 min) 
Sample 4 ~48 h, from 12:19 11th to 11:46 13th NA 
Sample 5 ~48 h, from 11:56 13th to 12:26 15th NA 
Sample 6 ~46 h, from 12:34 15th to 10:31 17th NA 
Sample 7 ~48 h, from 10:40 17th to 10:23 19th NA 
Sample 8 ~47 h, from 10:36 19th to 09:10 21st NA 
Sample 9 ~49 h, from 09:24 21st to 10:49 23rd NA 
Sample 10 ~48 h, from 11:06 23rd to 11:05 25th NA 
Sample 11 ~30 h, from 11:20 25th to 17:22 26th From 12:28 25
th to 16:59 25th (4 h 31 min) 
From 21:40 25th to 3:59 26th (6 h 19 min) 
# Sampling was halted at 18:00 09/08/2013 to avoid noise disturbing nearby residents at night 
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Details on smoke sample collection for SVOCs. High-volume air samplers (Kimoto Electric 
Co., LTD.) were used with a sampling rate of approximately 60 m3 h-1 for both subtropical 
forest and tropical savannah fire events. Particle-associated and gaseous SVOCs were 
collected on a glass fibre filter (GFF, Whatman™, 203 × 254 mm, grade GF/A) and a 
subsequent polyurethane foam (PUF) plug (90 mm diameter and 40 mm thickness) 
respectively. The samplers were calibrated using an orifice plate prior to each sampling 
campaign and the sampling volume was calculated based on the calibrated sampling rate and 
sampling duration. A bypass gas meter installed on the outlet of the samplers was used to 
monitor any anomalous fluctuation of the sampling rate during sample collection. Collected 
samples were stored under -20°C until analysis.  
Details on measurements of and EF calculation for CO.  CO was measured by the in-situ 
Fourier transform infrared spectrometer. The system, which is detailed in Griffith et al., 2012, 
consists of a temperature and pressure controlled White cell into which ambient air was 
drawn by a pump. Infrared light entering the cell is reflected several times between mirrors 
before returning to an electronically cooled detector. This method gives a path length of 
approximately 22 metres in a 30 cm long White cell. 
Gas concentrations are obtained using MALT (Griffith et al., 2012) software that combines 
reference spectra of several species absorbing in the infrared (generated from the HITRAN 
database) and physical conditions, such as temperature and pressure, in order to match the 
measured spectra. 
The method to calculate emission factors of CO per unit of dry fuel consumed is discussed by 
Yokelson et al., 1999 and Paton-Walsh et al., 2014 and uses the following equation: 
𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶  =  𝐸𝐸𝐶𝐶  ×  1000 ×   𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶12  ×  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇  
where FC is the carbon fraction in the fuel (for savannah type vegetation, it is assumed to be 
0.47), 1000 is a conversion factor in order to get EF in g kg-1, MMCO is the molecular mass of 
CO, 12 the atomic mass of carbon and CCO/CT the ratio of carbon emitted as CO-C to the 
total.
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S2 Chemical analysis 
Total suspended particles. The mass of total suspended particles (TSP) within each sample 
was determined as the mass gained during sampling using a gravimetric method, i.e. by 
weighing the GFF at room temperature (25°C) and a relative humidity of 45% before and 
after sampling. The sampled GFFs were stored in a desiccator overnight before being 
weighed. 
Sample extraction. Samples (GFFs and PUFs) were spiked with a solution (100 µL) 
containing 7 deuterated PAHs, 18 13C-PCB congeners, 7 13C-PBDE congeners and 14 13C-
labelled pesticides as listed in Table S2 at varying concentrations in isooctane. Subsequently 
they were extracted by ASE using a mixture of n-hexane and acetone (1: 1, v: v) in 33 mL 
(for GFFs) and 100 mL (for PUFs) stainless steel vessels. The ASE conditions were: pressure 
1500 psi, temperature 100 °C, static cycle time 10 min, flush volume 60%, purge time 120 s 
and numbers of cycles 2. Extracts were then blown down by a gentle stream of purified 
nitrogen and concentrated to 1 mL in dichloromethane (DCM). 40% of the volume of the 
extract (portion F1) was taken for analysis of 13 PAHs and 13 pesticides, another 40% 
(portion F2) for 18 PCB congeners, 14 PCN congeners, 14 other pesticides and 7 PBDE 
congeners and the final 20% (portion F3) for levoglucosan. 
Sample cleanup. F1 was cleaned up using a chromatographic column containing (from 
bottom to top) 4 g of neutral alumina, 2 g of neutral silica gel and 2 g of sodium sulphate. F2 
was cleaned up by a chromatographic column containing (from bottom to top) 4 g of neutral 
alumina, 2 g of acid treated silica gel and 2 g of sodium sulphate. A mixture of n-hexane and 
DCM (1:1, v: v) was used to elute the target compounds from the columns. (The first 5 mL 
was discarded for each and the following 22 mL for F1 and 11 mL for F2 were collected 
respectively). Eluants were carefully blown down by a gentle stream of purified nitrogen to 
near dryness and reconstituted with 250 pg of 13C-PCB 141 (in 25 µL isooctane). 
F3 was solvent exchanged to acetonitrile and diluted by a factor of 10 before being filtered 
through a PTFE membrane system (pore size 0.2 µm). The filtrates were blown down to 
complete dryness and reconstituted with 100 µL of bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane (TMS) and 50 µL of pyridine. The 
derivatisation process was carried out by heating the samples at 50 °C for 2 hours. Samples 
were then carefully blown down to complete dryness, reconstituted with 500 pg of 13C-PCB 
141 in 50 µL isooctane and then diluted with isooctane to 1 mL. 
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Sample analysis. Injection of each sample into the GC-HRMS was in splitless mode and the 
temperatures for injection port, transfer line and source were maintained at 250, 280 and 280 
°C respectively. A DB5-MS column (30 m x 0.25 mm x 0.25 µm, J&W Scientific) was used 
with helium as the carrier gas at a constant flow rate of 1 mL min-1. The oven temperature 
program started from 80 °C which was held for 2 min, then raised by 20 °C min-1 to 180 °C 
and held for 0.5 min before being ramped up to 290 °C at 10 °C min-1 for 8 min. 
Perfluorokerosene (PFK) was used as the internal mass reference for the mass spectra and 
two ions were monitored for each target analyte and internal standard (Table S2). 
Identification of the analytical responses was confirmed using a combination of signal to 
noise ratio, relative retention time to specific internal standard and response ratio for the two 
ions monitored. Analyte concentrations were quantified from their relative response to a 
specific internal standard listed in Table S2 against the slope of a nine-point calibration 
curve.
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Table S2. Target compounds, internal standards and ions monitored. 
 Target compounds# Quant ion$ Qual ion^ 
Internal standard 
(spiked amount, mass per sample) 
Quant ion Qual ion 
F1 
PAHs 
Phe 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Ant 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Flu 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
Pyr 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
BaA 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
Chr 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
BbF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BkF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BeP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
BaP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
I123cdP 276.0939 277.0972 2D12-I123cdP (50 ng) 288.1692 289.1725 
DahA 278.1096 279.1129 2D12-I123cdP (50 ng) 288.1692 289.1725 
BghiP 276.0939 277.0972 2D12-BghiP (50 ng) 288.1692 289.1725 
Pesticides 
Heptachlor 271.8102 273.8072 13C10-heptachlor (500 pg) 276.8269 278.8240 
Heptachlor epoxide B 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Heptachlor epoxide A 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Chlorpyrifos 313.9574 315.9545 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Aldrin 262.8569 264.8540 13C12-aldrin (500 pg) 269.8804 271.8775 
Dieldrin 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endrin 262.8569 264.8540 13C12-endrin (500 pg) 269.8804 271.8775 
Endrin ketone 316.9039 314.9069 13C12-endrin (500 pg) 269.8804 271.8775 
Dacthal 298.8836 300.8807 13C12-dieldrin (500 pg) 269.8804 271.8775 
α-endosulfan 264.8540 262.8569 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
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β-endosulfan 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endosulfan sulfate 269.8131 271.8102 13C12-dieldrin (500 pg) 269.8804 271.8775 
Permethrin 184.0843 183.0081 13C6-permethrin (10 ng) 189.1011 190.1045 
F2 
Indicator PCBs 
PCB 28 255.9613 257.9584 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCB 52 291.9194 289.9224 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCB 101 325.8804 327.8775 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCB 138 359.8415 361.8385 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCB 153 359.8415 361.8385 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCB 180 393.8025 395.7995 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Dioxin-like PCBs 
(non-ortho-substituted) 
PCB 77 291.9194 289.9224 13C12-PCB 77 (100 pg) 303.9597 301.9626 
PCB 81 291.9194 289.9224 13C12-PCB 81 (100 pg) 303.9597 301.9626 
PCB 126 325.8804 327.8775 13C12-PCB 126 (100 pg) 337.9207 339.9178 
PCB 169 359.8415 361.8385 13C12-PCB 169 (100 pg) 371.8817 373.8788 
Dioxin-like PCBs 
(mono-ortho-substituted) 
PCB 105 325.8804 327.8775 13C12-PCB 105 (100 pg) 337.9207 339.9178 
PCB 114 325.8804 327.8775 13C12-PCB 114 (100 pg) 337.9207 339.9178 
PCB 118 325.8804 327.8775 13C12-PCB 118 (600 pg) 337.9207 339.9178 
PCB 123 325.8804 327.8775 13C12-PCB 123 (100 pg) 337.9207 339.9178 
PCB 156 359.8415 361.8385 13C12-PCB 156 (100 pg) 371.8817 373.8788 
PCB 157 359.8415 361.8385 13C12-PCB 157 (100 pg) 371.8817 373.8788 
PCB 167 359.8415 361.8385 13C12-PCB 167 (100 pg) 371.8817 373.8788 
PCB 189 393.8025 395.7995 13C12-PCB 189 (100 pg) 405.8428 407.8398 
PCNs 
PCN 13 229.9457 231.9427 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCN 27 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 28 + 36 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 46 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 48 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
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PCN 50 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 52 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 53 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 66 333.8258 335.8229 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCN 69 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCN 72 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCN 73 367.7868 369.7839 13C12-PCB 180 (500 pg) 405.8428 407.8398 
PCN 75 403.7449 401.7479 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Pesticides 
HCB 283.8102 285.8072 13C6-HCB (500 pg) 289.8303 291.8273 
α-HCH 220.9086 218.9116 13C6-α-HCH (500 pg) 224.9317 222.9346 
β-HCH 220.9086 218.9116 13C6-β-HCH (500 pg) 224.9317 222.9346 
γ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
δ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
Trans-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
Cis-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
p,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
o,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
p,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
o,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
p,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
o,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
Mirex 271.8102 273.8072 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
PBDEs 
PBDE 28 405.8026 407.8006 13C12-PBDE 28 (1 ng) 417.8429 419.8409 
PBDE 47 485.7111 483.7131 13C12-PBDE 47 (1 ng) 497.7513 495.7533 
PBDE 99 563.6215 565.6195 13C12-PBDE 99 (1 ng) 575.6618 577.6598 
PBDE 100 563.6215 565.6195 13C12-PBDE 100 (1 ng) 575.6618 577.6598 
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PBDE 153 643.5300 641.5320 13C12-PBDE 153 (1 ng) 655.5703 653.5723 
PBDE 154 643.5300 641.5320 13C12-PBDE 154 (1 ng) 655.5703 653.5723 
PBDE 183 721.4405 723.4385 13C12-PBDE 183 (1 ng) 733.4808 735.4788 
F3 Levoglucosan Levoglucosan 204.0812 217.0891 2D10-Phe (500 ng) 188.1410 189.1443 
# Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[a]anthrancene; Chr: chrysene; BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene; BeP: 
benzo[e]pyrene; BaP: benzo[a]pyrene; I123cdP: indeno[1,2,3-cd]pyrene; DahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene; HCH: hexachlorocyclohexanes; HCB: 
hexachlorobenzene. $ Quant ion: quantification ion; ^ Qual ion: qualification/reference ion.
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S3 QA/QC and results 
Breakthrough test. A solution of breakthrough standards containing 3 deuterated PAHs (2D10-
Ant, 2D10-Pyr and 2D14-DahA; 100 ng each) was spiked onto PUF plugs before each sampling 
event. These standards have vapour pressures (at 25 °C) ranging from 7.8×10-2 Pa (2D10-Ant)4 
to 6.0×10-4 Pa (2D10-Pyr)5 and to 7.2×10-7 Pa (2D14-DahA),4 consistent with the vapour 
pressure range of the compounds targeted within this study. Recoveries of these compounds 
were used to estimate the breakthrough percentage (if any) for chemicals collected on the 
PUF plugs. Any significant (i.e. ≥ 15%) loss of the breakthrough standards indicated the need 
to take this into account in the quantification of relevant target compounds. The greatest loss 
was observed for 2D10-Ant as about 10% with one sample from the subtropical forest fire 
event. Therefore the dataset was not corrected by the recoveries of breakthrough standards. 
QC samples. Known amounts of target compounds were spiked onto replicated clean 
matrices (GFFs and PUFs; n = 5 for each) and these spiked matrices were analysed as for the 
actual samples to estimate the reproducibility of the analytical protocols. As shown in Table 
S3, relative standard deviation (RSD) of the analytical results was less than 20% for most (> 
95%) analytes. 
Blank samples and method detection limits (MDLs). Within each batch of samples analysed 
(typically 10 samples per batch), a solvent blank, a matrix blank and a field blank were 
incorporated to check for any contamination related to instruments, the sample preparation 
system and transportation and storage of samples. MDLs were defined as the average field 
blank plus three times the standard deviation. If the relevant compounds could not be 
detected within the field blank samples, MDLs were determined based on half the instrument 
detection limits (IDLs). MDLs for the analytes ranged from 0.00083 to 4.3 pg m-3 and were 
mostly (> 95%) lower than 1 pg m-3 (Table S3).  
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Table S3. Reproducibility and MDLs for the analytes. 
Target compounds Reproducibility (RSD; n = 10) 
MDLs (pg m-3) 
Gas-phase Particle-phase 
Phe 11% 4.0 4.3 
Ant 9.9% 0.95 0.026 
Flu 4.5% 0.48 0.040 
Pyr 7.5% 0.85 1.1 
BaA 0.68% 0.0075 0.0072 
Chr 1.5% 0.0097 0.019 
BbF 4.1% 0.0063 0.022 
BkF 3.3% 0.0026 0.0089 
BeP 2.0% 0.037 0.10 
BaP 3.2% 0.010 0.013 
I123cdP 3.5% 0.0049 0.033 
DahA 7.1% 0.016 0.016 
BghiP 3.2% 0.034 0.035 
Heptachlor  18% 0.11 0.21 
Heptachlor epoxide B 13% 0.052 0.052 
Heptachlor epoxide A 19% 0.21 0.21 
Chlorpyrifos 15% 0.25 0.15 
Aldrin 19% 0.021 0.021 
Dieldrin 7.2% 0.085 0.048 
Endrin 20% 0.052 0.052 
Endrin ketone 13% 0.21 0.21 
Dacthal  20% 0.014 0.011 
α-endosulfan 15% 0.010 0.010 
β-endosulfan 25% 0.21 0.21 
Endosulfan sulfate 20% 0.010 0.010 
Permethrin  1.8% 2.1 2.1 
PCB 28 9.5% 0.011 0.0010 
PCB 52 3.9% 0.0040 0.0010 
PCB 101 7.4% 0.0064 0.0093 
PCB 138 11% 0.0082 0.0079 
PCB 153 4.7% 0.0051 0.010 
PCB 180 7.4% 0.0010 0.0010 
PCB 77 4.6% 0.0010 0.0010 
PCB 81 11% 0.0010 0.0010 
PCB 126 6.5% 0.0010 0.0010 
PCB 169 13% 0.0010 0.0010 
PCB 105 4.9% 0.0010 0.0010 
PCB 114 14% 0.0010 0.0010 
PCB 118 7.8% 0.0022 0.0020 
PCB 123 9.1% 0.0010 0.0010 
PCB 156 10% 0.0010 0.0010 
PCB 157 17% 0.0010 0.0010 
PCB 167 15% 0.0021 0.0021 
PCB 189 10% 0.0010 0.0010 
PCN 13 15% 0.0010 0.0010 
PCN 27 15% 0.0010 0.0010 
PCN 28 + 36 20% 0.0010 0.0010 
PCN 46 7.3% 0.0010 0.0010 
PCN 48 15% 0.0010 0.0010 
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PCN 50 20% 0.0010 0.0010 
PCN 52 20% 0.0010 0.0010 
PCN 53 19% 0.0010 0.0010 
PCN 66 20% 0.0010 0.0010 
PCN 69 20% 0.0010 0.0010 
PCN 72 15% 0.0010 0.0010 
PCN 73 15% 0.0010 0.0010 
PCN 75 15% 0.0010 0.0010 
HCB 20% 0.092 0.060 
α-HCH 20% 0.0052 0.0052 
β-HCH 15% 0.0052 0.0052 
γ-HCH 6.0% 0.031 0.016 
δ-HCH 15% 0.0052 0.0052 
Trans-chlordane 20% 0.013 0.012 
Cis-chlordane 20% 0.0052 0.0052 
p,p’-DDT 7.0% 0.16 0.15 
o,p’-DDT 11% 0.037 0.037 
p,p’-DDE 7.9% 0.016 0.017 
o,p’-DDE 11% 0.010 0.010 
p,p’-DDD 11% 0.022 0.027 
o,p’-DDD 9.0% 0.0062 0.0052 
Mirex  7.7% 0.0010 0.0010 
PBDE 28 10% 0.00083 0.00083 
PBDE 47 5.0% 0.013 0.011 
PBDE 99 15% 0.0099 0.14 
PBDE 100 7.2% 0.0027 0.015 
PBDE 153 11% 0.017 0.017 
PBDE 154 11% 0.0083 0.0083 
PBDE 183 13% 0.031 0.031 
Levoglucosan 25% 42 190 
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S4 Full datasets for SVOCs – The subtropical forest fire event 
Table S4. Atmospheric concentrations of TSP (µg m-3), levoglucosan (µg m-3) and SVOCs (pg m-3) measured at Site A before, during and after 
the event. 
 Pre-event (n = 1) 
During flaming 
(0 - 7 h, n = 1) 
During smoldering-1 
(7 - 13 h, n = 1) 
During smoldering-2 
(13 - 22 h, n = 1) 
Post-event 
(22 - 70 h, n = 4)# 
Sampling volume (m3) 890 470 390 660 830 ± 110 
TSP 12 140 72 55 54 ± 17 
 Gas phase Particle phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase Gas phase Particle phase 
Levoglucosan 0.0087 0.29 ND 3.0 0.013 5.4 ND 2.1 0.00045 ± 0.00041 0.23 ± 0.15 
Phe 2,100 28 24,000 150 8,900 130 14,000 79 3,200 ± 1,800 34 ± 6 
Ant 78 6.9 5,700 35 3,100 31 3,300 18 390 ± 250 6.4 ± 1.3 
Flu 730 40 2,200 900 5,400 300 2,900 140 790 ± 110 53 ± 12 
Pyr 570 54 1,500 1,900 4,600 350 2,300 170 680 ± 110 65 ± 15 
BaA 17 37 230 1,800 61 500 180 370 15 ± 6 34 ± 9 
Chr 38 56 310 2,600 100 570 190 470 45 ± 6 57 ± 17 
BbF 9.8 150 0.45 560 0.54 470 <0.0063 500 3.6 ± 3.5 110 ± 27 
BkF 2.4 67 0.16 360 0.16 180 0.19 230 0.22 ± 0.12 38 ± 14 
BeP 5.2 130 0.60 630 0.94 410 0.87 570 1.6 ± 1.3 92 ± 26 
BaP 1.5 78 0.013 640 0.015 400 0.041 430 ND 46 ± 14 
I123cdP 4.1 140 0.097 670 ND 400 0.019 530 0.022 ± 0.014 92 ± 33 
DahA 0.12 21 ND 130 ND 65 ND 110 ND 12 ± 6 
BghiP 2.4 160 0.041 650 ND 360 <0.034 550 ND 120 ± 34 
Heptachlor  40 ND 12 ND 68 0.24 46 ND 51 ± 33 ND 
Heptachlor epoxide B 6.2 ND 4.0 ND 9.5 0.52 7.0 0.078 12 ± 6 0.042 ± 0.072 
Heptachlor epoxide A ND ND ND ND ND ND ND ND ND ND 
Chlorpyrifos  120 11 20 7.6 130 20 110 18 160 ± 69 15 ± 12 
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Aldrin  6.2 ND 1.1 ND 4.3 ND 5.0 ND 6.6 ± 4.6 0.032 ± 0.055 
Dieldrin  72 15 71 42 120 56 110 18 170 ± 94 23 ± 12 
Endrin  0.64 ND 0.58 ND 1.2 0.49 0.90 0.000 1.7 ± 1.1 0.057 ± 0.099 
Endrin ketone <0.21 ND <0.21 ND ND ND ND ND ND ND 
Dacthal  14 3.1 15 2.4 7.2 1.9 6.6 3.7 11 ± 4 0.62 ± 0.25 
α-endosulfan 7.2 0.21 5.6 0.55 11 1.3 7.7 0.42 16 ± 12 0.44 ± 0.38 
β-endosulfan ND 0.50 ND ND ND 2.2 ND ND 2.8 ± 4.3 0.39 ± 0.68 
Endosulfan sulfate ND 0.13 ND 0.67 ND ND ND 0.12 ND 0.21 ± 0.07 
Permethrin  <2.1 250 <2.1 86 ND 480 ND 510 ND 190 ± 79 
PCB 28 3.6 0.023 2.9 0.085 2.9 0.11 3.6 0.032 6.2 ± 2.0 0.045 ± 0.018 
PCB 52 3.7 0.042 4.1 0.18 8.1 0.15 3.7 0.095 5.1 ± 1.1 0.083 ± 0.019 
PCB 101 2.5 0.17 5.8 2.2 5.2 0.50 2.5 0.33 3.5 ± 1.0 0.24 ± 0.07 
PCB 138 0.54 0.35 1.0 4.8 1.3 0.48 0.64 0.38 0.88 ± 0.27 0.24 ± 0.09 
PCB 153 0.69 0.30 1.3 3.7 1.2 0.37 0.69 0.42 1.1 ± 0.3 0.21 ± 0.07 
PCB 180 0.12 0.14 0.14 0.87 0.25 0.25 0.12 0.29 0.21 ± 0.07 0.081 ± 0.035 
PCB 77 0.065 ND 0.091 0.057 0.33 0.025 0.052 ND 0.081 ± 0.015 0.0058 ± 0.0075 
PCB 81 ND ND ND ND ND ND ND ND ND ND 
PCB 126 ND ND ND ND ND ND ND ND ND ND 
PCB 169 ND ND ND ND ND ND ND ND ND ND 
PCB 105 0.34 0.070 0.39 1.7 0.95 0.26 0.24 0.13 0.40 ± 0.14 0.11 ± 0.03 
PCB 114 0.025 ND 0.048 0.089 0.089 0.018 0.027 ND 0.034 ± 0.012 ND 
PCB 118 0.98 0.23 1.6 3.7 2.5 0.68 0.80 0.34 1.4 ± 0.5 0.26 ± 0.07 
PCB 123 ND ND ND ND ND ND ND ND ND ND 
PCB 156 0.028 ND 0.033 0.59 0.058 0.051 0.019 ND 0.039 ± 0.011 ND 
PCB 157 0.0052 ND ND 0.13 0.022 0.0072 ND ND 0.0086 ± 0.0038 ND 
PCB 167 0.0063 ND 0.072 0.21 0.026 0.012 0.012 ND 0.019 ± 0.009 0.00071 ± 0.00120 
PCB 189 ND ND ND 0.045 ND ND ND ND ND ND 
PCN 13 0.028 ND 0.27 ND 0.22 ND 0.55 ND 0.27 ± 0.08 ND 
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PCN 27 0.17 ND 0.43 ND ND ND ND ND 0.27 ± 0.03 ND 
PCN 28 + 36 ND ND ND ND ND ND ND ND ND ND 
PCN 46 0.15 ND 0.14 ND ND ND ND ND 0.11 ± 0.01 ND 
PCN 48 ND ND ND ND ND ND ND ND ND ND 
PCN 50 0.068 ND ND ND 0.20 ND 0.16 ND 0.24 ± 0.10 ND 
PCN 52 0.042 ND ND ND ND ND 0.062 ND 0.047 ± 0.029 ND 
PCN 53 ND ND ND ND ND ND ND ND ND ND 
PCN 66 ND ND ND ND ND ND ND ND ND ND 
PCN 69 ND ND ND ND ND ND ND ND ND ND 
PCN 72 ND ND ND ND ND ND ND ND ND ND 
PCN 73 ND ND ND ND ND ND ND ND ND ND 
PCN 75 ND ND ND ND ND ND ND ND ND ND 
HCB 10 0.11 8.8 ND 16 0.21 13 ND 7.2 ± 3.6 0.35 ± 0.42 
α-HCH 0.21 ND ND ND 0.45 ND 0.46 ND 0.41 ± 0.20 ND 
β-HCH 0.070 ND 0.032 ND ND ND 0.030 ND 0.15 ± 0.06 ND 
γ-HCH 6.9 0.040 2.5 0.17 11 0.36 7.2 0.12 6.3 ± 4.0 0.12 ± 0.04 
δ-HCH ND ND ND ND ND ND ND ND 0.048 ± 0.030 ND 
Trans-chlordane 19 0.49 20 1.7 32 4.8 22 1.6 45 ± 23 1.5 ± 1.0 
Cis-chlordane 6.1 0.10 8.6 0.46 11 1.2 7.5 0.43 16 ± 9 0.56 ± 0.57 
p,p’-DDT 2.3 0.79 2.5 1.7 3.6 3.2 2.6 1.4 4.4 ± 1.4 0.91 ± 0.29 
o,p’-DDT 0.64 ND 0.52 0.098 1.2 0.34 0.69 0.11 1.6 ± 0.7 0.082 ± 0.038 
p,p’-DDE 2.9 0.38 3.4 0.53 4.8 1.2 2.8 0.29 4.4 ± 1.3 0.23 ± 0.08 
o,p’-DDE 0.18 ND 0.14 ND 0.26 ND 0.20 ND 0.37 ± 0.13 ND 
p,p’-DDD 0.38 0.044 0.23 0.18 0.72 0.42 0.37 0.22 0.79 ± 0.31 0.12 ± 0.04 
o,p’-DDD 0.15 0.010 0.11 0.047 0.29 0.077 0.17 0.061 0.36 ± 0.16 0.024 ± 0.006 
Mirex  0.047 ND 0.035 ND ND 0.099 0.026 ND 0.071 ± 0.015 ND 
PBDE 28 0.073 ND 0.098 ND 0.13 ND 0.043 ND 0.097 ± 0.021 0.0050 ± 0.0087 
PBDE 47 0.52 0.21 0.58 0.75 0.49 0.51 0.26 0.76 0.85 ± 0.34 0.36 ± 0.12 
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PBDE 99 0.16 0.35 0.17 0.57 0.16 0.35 0.095 0.61 0.26 ± 0.12 0.36 ± 0.08 
PBDE 100 0.046 0.060 0.040 0.18 ND 0.095 ND 0.16 0.089 ± 0.050 0.10 ± 0.04 
PBDE 153 ND ND ND ND ND ND ND ND ND ND 
PBDE 154 ND ND ND ND ND ND ND ND ND ND 
PBDE 183 <0.031 ND ND ND ND ND ND ND ND ND 
# Values lower the MDLs were treated as zero. 
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Table S5. Atmospheric concentrations of TSP (µg m-3), levoglucosan (µg m-3) and SVOCs (pg m-3) measured along the transect (Sites A – B – 
C) during the flaming phase. 
 Site A (10 m) Site B (150 m) Site C (350 m) 
 Background Event Background Event Background Event 
Sampling volume (m3) 890 470 170 330 540 330 
TSP 12 140 28 110 63 52 
 Gas phase Particle phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase Gas phase 
Particle 
phase 
Levoglucosan 0.0087 0.29 ND 3.0 0.00078 0.20 0.11 11 0.0041 0.33 8.2 2.8 
Phe 2,100 28 24,000 150 1,000 56 15,000 85 3,200 63 8,600 35 
Ant 78 6.9 5,700 35 72 12 3,300 23 130 12 1,900 9.8 
Flu 730 40 2,200 900 220 43 17,000 150 750 74 3,000 63 
Pyr 570 54 1,500 1,900 160 43 15,000 190 650 97 2,800 79 
BaA 17 37 230 1,800 0.14 3.8 680 1,600 13 60 360 110 
Chr 38 56 310 2,600 0.89 36 690 2,200 47 100 590 190 
BbF 9.8 150 0.45 560 0.37 47 13 820 6.4 240 200 240 
BkF 2.4 67 0.16 360 0.13 7.2 0.81 450 0.29 93 68 78 
BeP 5.2 130 0.60 630 0.83 40 9.8 820 4.8 200 110 150 
BaP 1.5 78 0.013 640 <0.010 9.4 6.6 750 0.48 110 150 120 
I123cdP 4.1 140 0.097 670 0.20 22 4.6 780 2.2 230 89 130 
DahA 0.12 21 ND 130 ND 0.58 0.24 170 0.099 32 16 19 
BghiP 2.4 160 0.041 650 0.19 32 2.9 760 2.1 250 92 120 
Heptachlor  40 ND 12 ND 90 <0.21 54 <0.21 35 2.8 16 <0.21 
Heptachlor epoxide B 6.2 ND 4.0 ND 5.1 0.41 7.2 <0.052 6.6 0.13 4.1 <0.052 
Heptachlor epoxide A ND ND ND ND ND ND ND ND ND ND ND ND 
Chlorpyrifos  120 11 20 7.6 11 28 40 9.2 240 27 82 5.0 
Aldrin  6.2 ND 1.1 ND 1.5 ND 1.1 ND 4.6 0.10 0.62 ND 
Dieldrin  72 15 71 42 36 65 58 44 61 8.5 51 9.9 
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Endrin  0.64 ND 0.58 ND <0.052 0.55 0.31 0.36 0.60 ND 0.53 ND 
Endrin ketone <0.21 ND <0.21 ND ND <0.21 ND <0.21 ND <0.21 ND ND 
Dacthal  14 3.1 15 2.4 1.5 11 23 1.9 42 9.4 26 5.6 
α-endosulfan 7.2 0.21 5.6 0.55 5.4 2.9 5.7 2.4 8.7 0.99 5.5 ND 
β-endosulfan ND 0.50 ND ND ND 4.8 ND 4.5 0.35 2.0 ND ND 
Endosulfan sulfate ND 0.13 ND 0.67 ND 0.090 ND 0.49 ND 0.28 0.076 ND 
Permethrin  <2.1 250 <2.1 86 <2.1 6.7 <2.1 110 <2.1 350 <2.1 <2.1 
PCB 28 3.6 0.023 2.9 0.085 5.4 0.16 5.4 0.055 3.4 0.073 4.0 0.11 
PCB 52 3.7 0.042 4.1 0.18 3.4 0.12 3.5 0.17 4.3 0.066 3.8 ND 
PCB 101 2.5 0.17 5.8 2.2 2.3 0.23 2.6 0.35 3.5 0.15 6.3 0.16 
PCB 138 0.54 0.35 1.0 4.8 0.85 0.40 0.95 0.53 1.1 0.25 1.4 0.20 
PCB 153 0.69 0.30 1.3 3.7 1.1 0.37 1.2 0.54 1.1 0.18 1.3 0.25 
PCB 180 0.12 0.14 0.14 0.87 0.22 0.21 0.22 0.46 0.26 0.16 0.40 0.15 
PCB 77 0.065 ND 0.091 0.057 0.089 ND 0.10 0.059 0.12 ND 0.13 ND 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 126 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 105 0.34 0.070 0.39 1.7 0.34 0.11 0.39 0.17 0.35 0.029 0.52 0.028 
PCB 114 0.025 ND 0.048 0.089 0.042 ND 0.027 ND ND ND ND ND 
PCB 118 0.98 0.23 1.6 3.7 1.1 0.22 1.2 0.42 1.4 0.10 1.5 0.078 
PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 156 0.028 ND 0.033 0.59 ND ND 0.055 ND 0.063 ND 0.065 ND 
PCB 157 0.0052 ND ND 0.13 ND ND ND ND ND ND 0.013 ND 
PCB 167 0.0063 ND 0.072 0.21 <0.0021 ND 0.029 ND ND ND 0.028 ND 
PCB 189 ND ND ND 0.045 ND ND ND ND ND ND ND ND 
PCN 13 0.028 ND 0.27 ND 0.26 ND 0.13 ND 0.18 ND ND ND 
PCN 27 0.17 ND 0.43 ND ND ND 0.37 ND ND ND 0.21 ND 
PCN 28 + 36 ND ND ND ND ND ND ND ND ND ND ND ND 
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PCN 46 0.15 ND 0.14 ND ND ND 0.53 ND 0.17 ND 0.26 ND 
PCN 48 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 50 0.068 ND ND ND 0.29 ND 0.13 ND ND ND ND ND 
PCN 52 0.042 ND ND ND ND ND ND ND ND ND ND ND 
PCN 53 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 66 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 69 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 72 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 73 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 75 ND ND ND ND ND ND ND ND ND ND ND ND 
HCB 10 0.11 8.8 ND 24 2.7 8.3 1.8 23 0.61 17 ND 
α-HCH 0.21 ND ND ND 0.39 ND 0.22 ND 0.64 ND 0.37 ND 
β-HCH 0.070 ND 0.032 ND ND ND 0.054 ND 0.14 0.71 0.12 ND 
γ-HCH 6.9 0.040 2.5 0.17 4.6 0.44 3.4 0.24 4.9 0.69 3.2 0.19 
δ-HCH ND ND ND ND ND ND ND ND 0.14 ND 0.023 ND 
Trans-chlordane 19 0.49 20 1.7 26 4.6 25 5.3 24 1.0 18 0.91 
Cis-chlordane 6.1 0.10 8.6 0.46 5.7 0.40 5.0 0.92 6.4 0.11 4.7 0.10 
p,p’-DDT 2.3 0.79 2.5 1.7 5.3 2.2 3.2 1.9 6.1 3.7 5.5 1.5 
o,p’-DDT 0.64 ND 0.52 0.098 0.92 0.048 0.70 0.078 1.3 0.46 1.4 0.28 
p,p’-DDE 2.9 0.38 3.4 0.53 3.0 0.51 4.0 0.55 7.5 1.3 7.2 0.22 
o,p’-DDE 0.18 ND 0.14 ND 0.044 ND 0.18 ND 0.85 ND 0.74 ND 
p,p’-DDD 0.38 0.044 0.23 0.18 0.58 0.60 0.50 0.14 3.8 1.5 3.6 0.76 
o,p’-DDD 0.15 0.010 0.11 0.047 0.19 0.30 0.21 0.049 3.8 0.69 3.7 0.43 
Mirex  0.047 ND 0.035 ND 0.033 ND 0.064 ND 0.088 ND 0.070 ND 
PBDE 28 0.073 ND 0.098 ND 0.13 ND 0.088 ND 2.6 0.23 11 ND 
PBDE 47 0.52 0.21 0.58 0.75 1.0 1.5 0.83 0.94 1.7 0.58 4.5 0.46 
PBDE 99 0.16 0.35 0.17 0.57 0.45 2.1 0.25 0.68 0.85 1.0 3.1 0.28 
PBDE 100 0.046 0.060 0.040 0.18 0.11 0.34 0.060 0.21 0.18 ND 0.54 ND 
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PBDE 153 ND ND ND ND ND ND ND ND ND ND 0.34 ND 
PBDE 154 ND ND ND ND ND ND ND ND ND ND 0.36 ND 
PBDE 183 <0.031 ND ND ND ND 0.77 ND ND ND ND 0.13 ND 
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Figure S4. Profiles (gaseous + particle-associated) of (a) PAHs (derived from flaming (0 – 
7h) and smoldering (8 – 22h) phases) and (b) PCBs (derived from flaming (0 – 7h) and 
smoldering (8 – 13h) phases) with the subtropical forest fire event. 
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S5 Full datasets for SVOCs – The tropical savannah fire event 
Table S6. Atmospheric concentrations of CO (ppbv), CO2 (ppmv), TSP (µg m-3), levoglucosan (µg m-3) and SVOCs (pg m-3) measured through 
the event. 
 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 
Sampling volume (m3) 1,900 1,900 1,900 1,900 1,900 1,800 
TSP 63 100 130 55 57 51 
CO 240 270 450 180 160 130 
CO2$ 404.8 400.2 404.9 401.8 403.9 398.5 
 Gas phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase Gas phase Particle phase 
Levoglucosan 0.83 10 0.27 0.70 ND 0.76 0.63 3.0 0.24 1.7 0.65 2.9 
Phe 320 14 670 28 690 34 230 7.0 280 6.6 840 25 
Ant 26 1.4 79 4.5 120 19 19 0.86 21 <0.026 54 5.3 
Flu 600 12 760 38 1,300 52 480 6.3 430 4.3 590 20 
Pyr 720 14 650 40 1,100 63 330 9.4 340 5.6 490 21 
BaA 70 11 160 49 510 170 17 5.8 14 4.2 29 19 
Chr 160 25 300 120 800 270 80 16 46 10 120 43 
BbF 51 150 45 360 110 820 38 71 14 44 41 180 
BkF 20 41 16 110 45 370 4.4 12 <0.0026 3.3 11 45 
BeP 21 94 16 210 35 590 14 43 6.7 26 10 98 
BaP 2.1 53 2.9 130 10 490 2.5 20 1.2 14 1.5 60 
I123cdP 19 180 27 310 42 850 1.4 87 1.4 52 15 150 
DahA 9.0 30 29 61 19 190 0.55 14 0.32 9.4 4.6 30 
BghiP 13 170 13 290 23 850 2.7 78 1.1 58 6.4 140 
Heptachlor  7.4 <0.21 11 <0.21 19 <0.21 23 <0.21 9.5 <0.21 46 0.45 
Heptachlor epoxide B 11 <0.052 6.9 <0.052 25 0.18 35 <0.052 11 <0.052 25 0.094 
Heptachlor epoxide A ND ND ND ND ND ND ND ND ND ND ND ND 
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Chlorpyrifos  450 1.0 76 0.97 34 0.31 9.7 ND 97 0.36 300 4.4 
Aldrin  ND ND ND ND ND ND ND ND ND ND ND ND 
Dieldrin  120 0.63 54 0.65 89 1.6 90 0.43 92 0.47 52 0.97 
Endrin  0.83 ND 0.51 ND 0.39 ND 0.62 ND 0.54 ND 0.29 ND 
Endrin ketone ND ND ND ND ND ND ND ND ND ND ND ND 
Dacthal  0.35 ND 0.30 ND 0.55 0.014 0.46 ND 0.61 ND 0.37 0.042 
α-endosulfan 11 ND 11 0.16 15 0.18 18 ND 20 ND 12 0.57 
β-endosulfan 1.7 ND ND ND ND <0.1 ND ND 1.2 ND 0.45 ND 
Endosulfan sulfate 0.11 ND ND ND ND 0.035 ND ND ND ND ND ND 
Permethrin  <2.1 7.0 <2.1 3.6 <2.1 8.7 <2.1 2.4 <2.1 2.5 <2.1 12 
PCB 28 0.93 0.046 1.0 0.022 0.93 0.041 1.0 0.036 0.92 0.029 1.2 0.49 
PCB 52 0.64 0.022 0.63 0.018 0.75 0.027 0.80 ND 0.76 ND 0.73 0.16 
PCB 101 1.63 ND 1.1 ND 1.1 ND 1.2 <0.0093 1.2 ND 0.84 0.063 
PCB 138 0.68 ND 0.38 0.0099 0.29 ND 0.43 0.011 0.39 ND 0.17 0.016 
PCB 153 0.89 ND 0.59 <0.010 0.51 0.013 0.60 ND 0.61 <0.010 0.30 0.025 
PCB 180 0.24 0.0094 0.13 ND 0.077 ND 0.11 ND 0.12 ND 0.050 ND 
PCB 77 0.055 ND 0.037 ND 0.032 ND 0.041 ND 0.035 ND 0.023 ND 
PCB 81 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 126 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 169 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 105 0.21 ND 0.14 ND 0.13 ND 0.18 ND 0.17 ND 0.085 <0.0010 
PCB 114 0.015 ND ND ND ND ND 0.011 ND 0.016 ND ND ND 
PCB 118 0.74 ND 0.45 ND 0.37 ND 0.50 0.0064 0.50 ND 0.26 0.044 
PCB 123 ND ND ND ND ND ND ND ND ND ND ND ND 
PCB 156 0.048 ND 0.033 ND 0.014 ND 0.019 ND 0.019 ND 0.014 ND 
PCB 157 0.011 ND ND ND 0.0044 ND 0.010 ND 0.0086 ND ND ND 
PCB 167 0.018 ND ND ND ND ND 0.0083 ND 0.011 ND 0.0029 ND 
PCB 189 ND ND ND ND ND ND ND ND ND ND ND ND 
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PCN 13 ND ND ND ND ND ND ND ND ND ND 0.013 ND 
PCN 27 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 28 + 36 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 46 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 48 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 50 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 52 0.031 ND ND ND 0.023 ND 0.023 ND 0.024 ND ND ND 
PCN 53 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 66 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 69 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 72 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 73 ND ND ND ND ND ND ND ND ND ND ND ND 
PCN 75 ND ND ND ND ND ND ND ND ND ND ND ND 
HCB 1.6 <0.060 2.2 0.077 2.4 0.11 1.4 0.90 1.7 <0.060 2.6 0.75 
α-HCH 0.018 ND ND ND ND ND 0.034 ND 0.043 ND 0.048 ND 
β-HCH 0.10 ND ND ND 0.048 ND 0.054 <0.0052 0.11 ND 0.050 ND 
γ-HCH 0.78 0.028 1.1 ND 1.3 <0.016 1.1 0.073 1.9 0.053 1.1 0.11 
δ-HCH 0.12 ND ND ND 0.16 ND 0.036 ND 0.097 ND 0.039 ND 
Trans-chlordane 50 0.17 37 0.42 65 0.85 87 0.18 63 0.17 53 0.53 
Cis-chlordane 15 0.044 13 0.14 16 0.22 23 0.064 21 0.048 12 0.12 
p,p’-DDT 1.9 <0.15 1.0 <0.15 0.64 <0.15 0.95 <0.15 0.80 <0.15 0.47 0.16 
o,p’-DDT 0.76 <0.037 0.46 ND 0.30 <0.037 0.42 ND 0.41 <0.037 0.24 ND 
p,p’-DDE 1.7 <0.017 1.2 ND 0.88 ND 0.99 ND 0.90 ND 0.50 ND 
o,p’-DDE 0.35 ND 0.27 ND 0.20 ND 0.24 ND 0.19 ND 0.11 ND 
p,p’-DDD 3.9 0.12 1.6 0.067 1.0 0.13 1.5 ND 1.3 0.032 0.54 ND 
o,p’-DDD 3.1 0.024 1.5 0.027 0.88 0.021 1.5 ND 1.2 ND 0.56 ND 
Mirex  0.099 ND 0.088 ND 0.069 ND 0.094 ND 0.082 ND 0.060 0.022 
PBDE 28 4.5 0.042 1.66 0.069 1.5 0.061 1.43 0.026 1.6 ND 0.85 ND 
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PBDE 47 2.5 0.18 1.1 0.12 0.78 0.22 1.1 0.054 1.2 0.089 0.52 0.098 
PBDE 99 1.6 0.20 0.48 0.19 0.34 0.18 0.46 <0.14 0.56 <0.14 0.23 <0.14 
PBDE 100 0.28 0.024 0.13 0.035 0.073 0.049 0.10 0.015 0.13 ND 0.058 ND 
PBDE 153 0.27 0.077 0.056 0.084 0.029 ND 0.027 <0.017 0.037 ND <0.017 ND 
PBDE 154 0.20 0.050 0.037 0.041 0.023 0.022 0.028 0.013 0.036 ND 0.017 ND 
PBDE 183 0.14 <0.031 <0.031 <0.031 <0.031 <0.031 <0.031 ND <0.031 ND <0.031 ND 
             
 Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 Mean ± SD# 
Sampling volume (m3) 1,900 1,900 2,000 1,900 1,200 1,800 ± 210 
TSP 32 23 32 63 110 65 ± 32 
CO 140 78 130 280 870 270 ± 210 
CO2 404.5 403.3 405.4 401.7 405.2 403.1 ± 2.2 
 Gas phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase 
Gas 
phase 
Particle 
phase Gas phase Particle phase 
Levoglucosan (µg m-3) ND 4.1 0.10 0.91 0.65 3.0 0.41 5.0 1.3 2.5 0.47 ± 0.39 3.2 ± 2.6 
Phe 360 10 230 3.1 1,100 8.2 780 17 680 44 570 ± 280 18 ± 12 
Ant 33 0.59 42 <0.026 130 0.93 57 2.3 200 13 70 ± 53 4.3 ± 5.9 
Flu 530 7.6 340 0.56 620 11 160 26 2,800 52 780 ± 680 21 ± 18 
Pyr 410 9.0 250 1.6 560 13 110 29 2,600 60 680 ± 650 24 ± 20 
BaA 23 6.7 20 0.40 72 21 69 38 1,100 330 190 ± 310 60 ± 97 
Chr 81 15 44 1.3 97 26 190 85 1,300 490 300 ± 390 99 ± 140 
BbF 49 75 6.7 3.1 45 270 100 410 230 1500 66 ± 58 350 ± 420 
BkF 2.2 14 0.99 <0.0089 4.6 100 23 130 88 500 19 ± 25 120 ± 160 
BeP 15 47 1.7 3.7 21 160 31 220 80 810 23 ± 20 210 ± 250 
BaP 1.4 26 <0.010 2.0 8.6 120 10 160 50 850 8.3 ± 14.0 180 ± 250 
I123cdP 1.9 120 10 8.6 6.9 290 14 360 72 890 19 ± 20 300 ± 290 
DahA 0.50 23 <0.016 2.2 1.2 43 2.8 64 37 190 9.4 ± 12.0 59 ± 63 
BghiP 1.9 100 1.3 6.8 5.4 270 13 360 58 870 12 ± 16 290 ± 290 
Heptachlor  13 0.41 7.9 <0.21 24 <0.21 33 <0.21 8.8 <0.21 18 ± 12 NA 
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Heptachlor epoxide B 13 <0.052 5.9 <0.052 21 <0.052 22 0.0628 10 <0.052 17 ± 9 NA 
Heptachlor epoxide A ND ND ND ND ND ND ND ND ND ND NA NA 
Chlorpyrifos  140 1.2 18 ND 72 0.26 31 0.45 36 0.53 120 ± 130 0.87 ± 1.20 
Aldrin  ND ND ND ND ND ND ND ND ND ND NA NA 
Dieldrin  70 0.34 56 0.11 54 0.21 48 0.59 37 0.42 69 ± 24 0.59 ± 0.40 
Endrin  0.52 ND 0.52 ND 0.45 ND 0.35 ND 0.30 ND 0.48 ± 0.15 NA 
Endrin ketone ND ND ND ND ND ND ND ND ND ND NA NA 
Dacthal  0.60 ND 0.34 ND 0.30 ND 0.20 ND 0.25 ND 0.39 ± 0.13 0.0051 ± 0.0120 
α-endosulfan 15 0.26 13 ND 12 0.037 9.5 0.13 6.0 ND 13 ± 4 0.12 ± 0.17 
β-endosulfan 1.3 ND 1.2 ND 1.4 ND 0.53 ND ND ND 0.71 ± 0.64 NA 
Endosulfan sulfate 0.047 ND 0.041 ND 0.044 <0.010 ND ND ND ND 0.022 ± 0.035 NA 
permethrin <2.1 4.3 <2.1 <2.1 <2.1 <2.1 <2.1 <2.1 41 ND 3.7 ± 12.0 4.0 ± 3.8 
PCB 28 0.83 ND 0.46 ND 0.70 0.027 0.75 0.036 1.0 0.032 0.89 ± 0.19 0.069 ± 0.130 
PCB 52 0.63 ND 0.49 ND 0.40 0.018 0.49 ND 0.77 0.012 0.64 ± 0.13 0.024 ± 0.045 
PCB 101 0.92 ND 1.1 ND 0.79 ND 0.74 ND 0.93 <0.0093 1.0 ± 0.2 NA 
PCB 138 0.33 ND 0.46 ND 0.33 ND 0.25 ND 0.34 ND 0.37 ± 0.12 0.0034 ± 0.0056 
PCB 153 0.52 ND 0.67 ND 0.46 ND 0.34 ND 0.39 <0.010 0.53 ± 0.16 NA 
PCB 180 0.11 ND 0.15 ND 0.088 ND 0.064 ND 0.083 0.014 0.11 ± 0.05 0.0021 ± 0.0046 
PCB 77 0.038 ND 0.049 ND 0.027 ND 0.026 ND 0.036 ND 0.036 ± 0.009 NA 
PCB 81 ND ND ND ND ND ND ND ND ND ND NA NA 
PCB 126 ND ND ND ND ND ND ND ND ND ND NA NA 
PCB 169 ND ND ND ND ND ND ND ND ND ND NA NA 
PCB 105 0.15 ND 0.20 ND 0.13 ND 0.087 ND 0.10 0.0053 0.15 ± 0.04 NA 
PCB 114 ND ND ND ND 0.011 ND 0.0092 ND ND ND 0.0057 ± 0.0064 NA 
PCB 118 0.37 ND 0.61 ND 0.34 ND 0.27 ND 0.30 0.0053 0.43 ± 0.14 0.0051 ± 0.0130 
PCB 123 ND ND ND ND ND ND ND ND ND ND NA NA 
PCB 156 0.019 ND 0.025 ND 0.019 ND ND ND 0.014 ND 0.020 ± 0.012 NA 
PCB 157 ND ND ND ND 0.0086 ND ND ND ND ND 0.0039 ± 0.0046 NA 
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PCB 167 ND ND ND ND 0.0084 ND ND ND ND ND 0.0044 ± 0.0058 NA 
PCB 189 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 13 ND ND 0.0068 ND 0.027 ND ND ND ND ND 0.0043 ± 0.0082 NA 
PCN 27 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 28 + 36 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 46 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 48 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 50 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 52 ND ND 0.020 ND 0.019 ND 0.035 ND ND ND 0.016 ± 0.013 NA 
PCN 53 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 66 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 69 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 72 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 73 ND ND ND ND ND ND ND ND ND ND NA NA 
PCN 75 ND ND ND ND ND ND ND ND ND ND NA NA 
HCB 2.0 <0.060 1.1 <0.060 1.7 <0.060 2.1 <0.060 1.2 0.39 1.8 ± 0.5 0.20 ± 0.31 
α-HCH 0.030 ND ND ND 0.014 ND ND ND ND ND 0.017 ± 0.018 NA 
β-HCH 0.065 ND 0.062 ND 0.053 ND 0.033 ND 0.050 ND 0.057 ± 0.029 NA 
γ-HCH 0.86 0.041 0.88 ND 0.76 0.027 1.4 0.020 1.3 0.017 1.1 ± 0.3 0.033 ± 0.032 
δ-HCH 0.17 ND 0.081 ND ND ND 0.078 ND 0.073 ND 0.077 ± 0.055 NA 
Trans-chlordane 57 0.20 41 0.065 70 0.098 69 0.40 36 0.34 57 ± 15 0.31 ± 0.22 
Cis-chlordane 16 0.072 16 0.015 15 0.010 16 0.095 11 0.14 16 ± 3 0.088 ± 0.060 
p,p’-DDT 0.91 0.19 1.2 <0.15 0.70 <0.15 0.63 <0.15 0.70 0.25 0.90 ± 0.37 0.055 ± 0.091 
o,p’-DDT 0.38 ND 0.52 ND 0.34 ND 0.26 ND 0.27 ND 0.40 ± 0.14 NA 
p,p’-DDE 0.88 ND 0.97 <0.017 0.81 ND 0.62 ND 0.64 0.056 0.92 ± 0.32 NA 
o,p’-DDE 0.22 ND 0.20 ND 0.16 ND 0.14 ND 0.14 ND 0.20 ± 0.07 NA 
p,p’-DDD 1.4 0.039 1.7 <0.027 1.0 ND 0.65 0.040 0.79 0.75 1.4 ± 0.9 0.11 ± 0.21 
o,p’-DDD 1.1 0.0095 1.58 ND 1.0 ND 0.77 0.013 1.0 0.25 1.3 ± 0.6 0.031 ± 0.070 
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Mirex  0.063 0.0041 0.075 <0.0010 0.064 ND 0.048 ND 0.024 ND 0.070 ± 0.021 0.0024 ± 0.0064 
PBDE 28 1.8 ND 2.0 0.0072 1.5 ND 1.0 0.0088 1.2 0.075 1.7 ± 0.9 0.026 ± 0.029 
PBDE 47 0.97 0.050 1.4 0.025 1.2 0.11 0.66 0.058 0.80 0.22 1.1 ± 0.5 0.11 ± 0.07 
PBDE 99 0.55 <0.14 0.78 <0.14 0.76 0.62 0.35 <0.14 0.47 0.14 0.60 ± 0.35 NA 
PBDE 100 0.12 ND 0.15 <0.015 0.16 0.082 0.073 ND 0.11 0.039 0.13 ± 0.06 0.022 ± 0.026 
PBDE 153 ND 0.034 0.056 <0.017 0.035 0.11 <0.017 <0.017 ND 0.036 0.047 ± 0.075 0.031 ± 0.039 
PBDE 154 ND 0.020 0.070 <0.0083 0.044 0.10 ND ND ND ND 0.042 ± 0.055 0.023 ± 0.031 
PBDE 183 ND <0.031 <0.031 ND <0.031 ND ND ND <0.031 <0.031 NA NA 
# Values lower than MDLs were treated as zero; $ Four significant figures applied. 
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Figure S5. Profiles of PAHs derived from Samples 11 and 8 from the tropical savannah fire 
event. 
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S1. Related information of sample collections 
 
Figure S1. A schematic diagram of the high volume smoke sampler (Adapted from Meyer et 
al., 2004). 
 
Figure S2. An example of sampling a flaming combustion event using the high-volume 
smoke sampler (Source: Meyer and Cook, 2015). 
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Table S1. Sample collection details 
Sample No. Fuel Air sampling volume (m3) Conditions 
1 Spinifex 47 With short flames(a) 
2 Spinifex 18 With long flames(a) 
3 Spinifex 53 With long flames + smoldering 
4 Tussock grasses 46 With short flames 
5 Tussock grasses 80 With long flames + smoldering 
6 Tussock grasses 50 Full-course(b) 
7 Eucalypt leaf litter 33 Flaming 
8 Eucalypt leaf litter 22 Smoldering 
9 Eucalypt leaf litter 46 Flaming + smoldering 
10 Eucalypt coarse woody debris 33 Flaming 
11 Eucalypt coarse woody debris 36 Smoldering 
(a) Short flames refers to the condition that a flame length of 0.3 to 1.2 m can be observed and long flames refer to a 
flame length of 1.5 to 2 m; (b) Sampling was from ignition until the fuels were burnt out and no additional fuel was 
loaded during the combustion 
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S2 Chemical analysis 
Total suspended particles. The mass of total suspended particles (TSP) within each sample 
was determined as the mass gained during sampling using a gravimetric method, i.e. by 
weighing the quartz fiber filter (QFF) at room temperature (25°C) and a relative humidity of 
45% before and after sampling. The sampled QFFs were stored in a desiccator overnight 
before being weighed. 
Sample extraction. Samples (QFFs and polyurethane foam plugs (PUFs)) were spiked with a 
solution (100 µL) containing 7 deuterated PAHs, 18 13C12-PCB congeners, 7 13C12-PBDE 
congeners and 14 13C-labelled pesticides as listed in Table S1 at varying concentrations in 
isooctane. Subsequently they were extracted by accelerated solvent extraction (ASE) using a 
mixture of n-hexane and acetone (1: 1, v: v) in 33 mL (for GFFs) and 100 mL (for PUFs) 
stainless steel vessels. The ASE conditions were: pressure 1500 psi, temperature 100 °C, 
static cycle time 10 min, flush volume 60%, purge time 120 s and numbers of cycles 2. 
Extracts were then blown down by a gentle stream of purified nitrogen and concentrated to 1 
mL in dichloromethane (DCM). 40% of the volume of the extract (portion F1) was taken for 
analysis of 13 PAHs and 13 pesticides, another 40% (portion F2) for 18 PCB congeners, 14 
PCN congeners, 14 other pesticides and 7 PBDE congeners and the final 20% (portion F3) 
for levoglucosan. 
Sample cleanup. F1 was cleaned up using a chromatographic column containing (from 
bottom to top) 4 g of neutral alumina, 2 g of neutral silica gel and 2 g of sodium sulphate. F2 
was cleaned up by a chromatographic column containing (from bottom to top) 4 g of neutral 
alumina, 2 g of acid treated silica gel and 2 g of sodium sulphate. A mixture of n-hexane and 
DCM (1: 1, v: v) was used to elute the target compounds from the columns. (The first 5 mL 
was discarded for each and the following 22 mL for F1 and 11 mL for F2 were collected 
respectively). Eluants were carefully blown down by a gentle stream of purified nitrogen to 
near dryness and reconstituted with 250 pg of 13C12-PCB 141 (in 25 µL isooctane). 
F3 was solvent changed to acetonitrile and diluted by a factor of 10 before being filtered 
through a PTFE membrane system (pore size 0.2 µm). The filtrates were blown down to 
complete dryness and reconstituted with 100 µL of bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane (TMS) and 50 µL of pyridine. The 
derivatisation process was carried out by heating the samples at 50 °C for 2 hours. Samples 
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were then carefully blown down to complete dryness, reconstituted with 500 pg of 13C12-PCB 
141 in 50 µL isooctane and then diluted with isooctane to 1 mL. 
Sample analysis. Injection of each sample into the GC-HRMS was in splitless mode and the 
temperatures for injection port, transfer line and source were maintained at 250, 280 and 280 
°C respectively. A DB5-MS column (30 m x 0.25 mm x 0.25 µm, J&W Scientific) was used 
with helium as the carrier gas at a constant flow rate of 1 mL min-1. The oven temperature 
program started from 80 °C which was held for 2 min, then raised by 20 °C min-1 to 180 °C 
and held for 0.5 min before being ramped up to 290 °C at 10 °C min-1 for 8 min. The above 
GC program was applied for the analysis of all fractions (F1, F2 or F3). Perfluorokerosene 
(PFK) was used as the internal mass reference for the mass spectra and two ions were 
monitored for each target analyte and internal standard (Table S1). 
Identification of the analytical responses was confirmed using a combination of signal to 
noise ratio, relative retention time to specific internal standard and response ratio for the two 
ions monitored. Analyte concentrations were quantified from their relative response to a 
specific internal standard listed in Table S1 against the slope of a nine-point calibration 
curve.
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Table S2. Target compounds, internal standards and ions monitored. 
 Target compounds# Quant ion$ Qual ion^ 
Internal standard 
(spiked amount, mass per sample) 
Quant ion Qual ion 
F1 
PAHs 
Phe 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Ant 178.0782 179.0816 2D10-Phe (500 ng) 188.1410 189.1443 
Flu 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
Pyr 202.0782 203.0816 2D10-Flu (200 ng) 212.1410 213.1443 
BaA 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
Chr 228.0939 229.0972 2D12-Chr (50 ng) 240.1692 241.1725 
BbF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BkF 252.0939 253.0972 2D12-BbF (50 ng) 264.1692 265.1725 
BeP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
BaP 252.0939 253.0972 2D12-BaP (50 ng) 264.1692 265.1725 
I123cdP 276.0939 277.0972 2D12-I123cdP (50 ng) 288.1692 289.1725 
DahA 278.1096 279.1129 2D12-I123cdP (50 ng) 288.1692 289.1725 
BghiP 276.0939 277.0972 2D12-BghiP (50 ng) 288.1692 289.1725 
Pesticides 
Heptachlor 271.8102 273.8072 13C10-heptachlor (500 pg) 276.8269 278.8240 
Heptachlor epoxide B 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Heptachlor epoxide A 352.8440 354.8410 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Chlorpyrifos 313.9574 315.9545 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
Aldrin 262.8569 264.8540 13C12-aldrin (500 pg) 269.8804 271.8775 
Dieldrin 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endrin 262.8569 264.8540 13C12-endrin (500 pg) 269.8804 271.8775 
Endrin ketone 316.9039 314.9069 13C12-endrin (500 pg) 269.8804 271.8775 
Dacthal 298.8836 300.8807 13C12-dieldrin (500 pg) 269.8804 271.8775 
Page 263 of 286 
 
α-endosulfan 264.8540 262.8569 13C10-heptachlor epoxide B (500 pg) 362.8777 364.8748 
β-endosulfan 262.8569 264.8540 13C12-dieldrin (500 pg) 269.8804 271.8775 
Endosulfan sulfate 269.8131 271.8102 13C12-dieldrin (500 pg) 269.8804 271.8775 
Permethrin 184.0843 183.0081 13C6-permethrin (10 ng) 189.1011 190.1045 
F2 
Indicator PCBs 
PCB 28 255.9613 257.9584 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCB 52 291.9194 289.9224 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCB 101 325.8804 327.8775 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCB 138 359.8415 361.8385 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCB 153 359.8415 361.8385 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCB 180 393.8025 395.7995 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Dioxin-like PCBs 
(non-ortho-substituted) 
PCB 77 291.9194 289.9224 13C12-PCB 77 (100 pg) 303.9597 301.9626 
PCB 81 291.9194 289.9224 13C12-PCB 81 (100 pg) 303.9597 301.9626 
PCB 126 325.8804 327.8775 13C12-PCB 126 (100 pg) 337.9207 339.9178 
PCB 169 359.8415 361.8385 13C12-PCB 169 (100 pg) 371.8817 373.8788 
Dioxin-like PCBs 
(mono-ortho-substituted) 
PCB 105 325.8804 327.8775 13C12-PCB 105 (100 pg) 337.9207 339.9178 
PCB 114 325.8804 327.8775 13C12-PCB 114 (100 pg) 337.9207 339.9178 
PCB 118 325.8804 327.8775 13C12-PCB 118 (600 pg) 337.9207 339.9178 
PCB 123 325.8804 327.8775 13C12-PCB 123 (100 pg) 337.9207 339.9178 
PCB 156 359.8415 361.8385 13C12-PCB 156 (100 pg) 371.8817 373.8788 
PCB 157 359.8415 361.8385 13C12-PCB 157 (100 pg) 371.8817 373.8788 
PCB 167 359.8415 361.8385 13C12-PCB 167 (100 pg) 371.8817 373.8788 
PCB 189 393.8025 395.7995 13C12-PCB 189 (100 pg) 405.8428 407.8398 
PCNs 
PCN 13 229.9457 231.9427 13C12-PCB 28 (500 pg) 268.0016 269.9986 
PCN 27 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 28 + 36 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 46 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
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PCN 48 265.9038 263.9067 13C12-PCB 52 (500 pg) 303.9597 301.9626 
PCN 50 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 52 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 53 299.8648 301.8618 13C12-PCB 101 (500 pg) 337.9207 339.9178 
PCN 66 333.8258 335.8229 13C12-PCB 153 (500 pg) 371.8817 373.8788 
PCN 69 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCN 72 333.8258 335.8229 13C12-PCB 138 (500 pg) 371.8817 373.8788 
PCN 73 367.7868 369.7839 13C12-PCB 180 (500 pg) 405.8428 407.8398 
PCN 75 403.7449 401.7479 13C12-PCB 180 (500 pg) 405.8428 407.8398 
Pesticides 
HCB 283.8102 285.8072 13C6-HCB (500 pg) 289.8303 291.8273 
α-HCH 220.9086 218.9116 13C6-α-HCH (500 pg) 224.9317 222.9346 
β-HCH 220.9086 218.9116 13C6-β-HCH (500 pg) 224.9317 222.9346 
γ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
σ-HCH 220.9086 218.9116 13C6-γ-HCH (500 pg) 224.9317 222.9346 
Trans-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
Cis-chlordane 372.8260 374.8230 13C10-trans-chlordane (500 pg) 382.8595 384.8565 
p,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
o,p’-DDT 235.0081 237.0052 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
p,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
o,p’-DDE 247.9974 246.0003 13C12-p,p’-DDE (500 pg) 260.0376 258.0406 
p,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
o,p’-DDD 235.0081 237.0052 13C12-p,p’-DDD (500 pg) 247.0484 249.0454 
Mirex 271.8102 273.8072 13C12-p,p’-DDT (500 pg) 247.0484 249.0454 
PBDEs 
PBDE 28 405.8026 407.8006 13C12-PBDE 28 (1 ng) 417.8429 419.8409 
PBDE 47 485.7111 483.7131 13C12-PBDE 47 (1 ng) 497.7513 495.7533 
PBDE 99 563.6215 565.6195 13C12-PBDE 99 (1 ng) 575.6618 577.6598 
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PBDE 100 563.6215 565.6195 13C12-PBDE 100 (1 ng) 575.6618 577.6598 
PBDE 153 643.5300 641.5320 13C12-PBDE 153 (1 ng) 655.5703 653.5723 
PBDE 154 643.5300 641.5320 13C12-PBDE 154 (1 ng) 655.5703 653.5723 
PBDE 183 721.4405 723.4385 13C12-PBDE 183 (1 ng) 733.4808 735.4788 
F3 Levoglucosan Levoglucosan 204.0812 217.0891 2D10-Phe (500 ng) 188.1410 189.1443 
# Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[a]anthrancene; Chr: chrysene; BbF: benzo[b]fluoranthene; BkF: 
benzo[k]fluoranthene; BeP: benzo[e]pyrene; BaP: benzo[a]pyrene; I123cdP: indeno[1,2,3-cd]pyrene; DahA: dibenzo[a,h]anthracene; BghiP: benzo[g,h,i]perylene; 
HCH: hexachlorocyclohexanes; HCB: hexachlorobenzene. $ Quant ion: quantification ion; ^ Qual ion: qualification/reference ion 
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S3 QA/QC and results 
Breakthrough test. A solution of breakthrough standards containing 3 deuterated PAHs (2D10-
Ant, 2D10-Pyr and 2D14-DahA; 100 ng each) was spiked onto PUF plugs before each sampling 
event. These standards have vapour pressures (at 25 °C) ranging from 7.8×10-2 Pa (2D10-Ant) 
(Odabasi et al., 2006) to 6.0×10-4 Pa (2D10-Pyr) (Mackay et al., 1997) and to 7.2×10-7 Pa 
(2D14-DahA) (Odabasi et al., 2006), consistent with the vapour pressure range of the 
compounds targeted within this study. Recoveries of these compounds were used to estimate 
the breakthrough percentage (if any) for chemicals collected on the PUF plugs. Any 
significant (i.e. ≥ 15%) loss of the breakthrough standards indicated the need to take this into 
account in the quantification of relevant target compounds. No loss higher than 5% could be 
observed so the dataset was not corrected by the recoveries of breakthrough standards. 
QC samples. Known amounts of target compounds were spiked onto replicated clean 
matrices (QFFs and PUFs; n = 5 for each) and these spiked matrices were analysed as for the 
actual samples to estimate the reproducibility of the analytical protocols. As shown in Table 
S3, relative standard deviation (RSD) of the analytical results was less than 20% for most (> 
95%) analytes. 
Blank samples and method detection limits (MDLs). Within each batch of samples analysed 
(typically 10 samples per batch), a solvent blank, a matrix blank and a field blank were 
incorporated to check for any contamination related to instruments, the sample preparation 
protocols and transportation and storage of samples. MDLs were defined as the average field 
blank plus three times the standard deviation. If the relevant compounds could not be 
detected within the field blank samples, MDLs were determined based on half the instrument 
detection limits. MDLs are typically < 1 ng m-3 for each PAH analyte and < 10 pg m-3 for 
other chemicals and are detailed in Table S3.  
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Table S3. Reproducibility and MDLs for the analytes. 
Target compounds Reproducibility (RSD; n = 10) 
MDLs 
(ng m-3 for PAHs and levoglucosan and pg m-3 for others) 
Gas-phase Particle-phase 
Phe 11% 3.6 9.2 
Ant 9.9% 0.93 1.9 
Flu 4.5% 0.63 0.17 
Pyr 7.5% 0.58 0.19 
BaA 0.68% 0.084 0.042 
Chr 1.5% 0.041 0.626 
BbF 4.1% 0.057 0.015 
BkF 3.3% 0.013 0.0038 
BeP 2.0% 0.13 0.012 
BaP 3.2% 0.011 0.019 
I123cdP 3.5% 0.058 0.0086 
DahA 7.1% 0.018 0.0011 
BghiP 3.2% 0.18 0.0055 
Heptachlor  18% 1.8 43 
Heptachlor epoxide B 13% 3.1 4.2 
Heptachlor epoxide A 19% 13 13 
Chlorpyrifos 15% 290 700 
Aldrin 19% 1.3 1.3 
Dieldrin 7.2% 40 16 
Endrin 20% 3.1 3.1 
Endrin ketone 13% 13 13 
Dacthal  20% 1.4 6.8 
α-endosulfan 15% 23 26 
β-endosulfan 25% 13 13 
Endosulfan sulfate 20% 0.63 0.63 
Permethrin  1.8% 160 160 
PCB 28 9.5% 8.8 16 
PCB 52 3.9% 4.9 4.7 
PCB 101 7.4% 3.5 0.91 
PCB 138 11% 1.9 0.41 
PCB 153 4.7% 1.8 0.63 
PCB 180 7.4% 0.82 0.17 
PCB 77 4.6% 0.15 0.063 
PCB 81 11% 0.063 0.063 
PCB 126 6.5% 0.063 0.063 
PCB 169 13% 0.063 0.063 
PCB 105 4.9% 0.87 0.11 
PCB 114 14% 0.063 0.063 
PCB 118 7.8% 2.2 0.08 
PCB 123 9.1% 0.063 0.063 
PCB 156 10% 0.12 0.063 
PCB 157 17% 0.063 0.063 
PCB 167 15% 0.13 0.13 
PCB 189 10% 0.063 0.063 
PCN 13 15% 0.28 0.063 
PCN 27 15% 0.44 0.14 
PCN 28 + 36 20% 0.82 0.23 
PCN 46 7.3% 1.0 0.063 
PCN 48 15% 0.063 0.063 
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PCN 50 20% 0.19 0.063 
PCN 52 20% 0.30 0.11 
PCN 53 19% 0.35 0.18 
PCN 66 20% 0.075 0.063 
PCN 69 20% 0.11 0.068 
PCN 72 15% 0.13 0.066 
PCN 73 15% 0.14 0.063 
PCN 75 15% 0.060 0.063 
HCB 20% 2.9 52 
α-HCH 20% 0.33 0.31 
β-HCH 15% 0.16 0.80 
γ-HCH 6.0% 1.9 1.7 
σ-HCH 15% 0.16 0.31 
Trans-chlordane 20% 0.71 1.9 
Cis-chlordane 20% 0.32 0.35 
p,p’-DDT 7.0% 9.2 10 
o,p’-DDT 11% 2.8 3.6 
p,p’-DDE 7.9% 1.3 1.4 
o,p’-DDE 11% 0.18 0.63 
p,p’-DDD 11% 0.27 1.5 
o,p’-DDD 9.0% 0.17 0.31 
Mirex  7.7% 0.12 0.088 
PBDE 28 10% 0.55 0.74 
PBDE 47 5.0% 4.4 7.7 
PBDE 99 15% 6.6 12 
PBDE 100 7.2% 1.1 2.3 
PBDE 153 11% 0.5 1 
PBDE 154 11% 0.25 0.5 
PBDE 183 13% 0.94 1.9 
Levoglucosan 25% 16 64 
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S4 Concentrations of targeted SVOCs in smoke samples 
Table S4. Concentrations of TSP, gaseous + particle-associated levoglucosan and some of the 
target SVOCs as well as ∑ dl-PCBs dioxin toxic equivalent concentration (TEQ) in the 
smoke from burning of different fuels and in the background sample 
 Spinifex Tussock grasses Eucalypt leaf 
litter 
Eucalypt 
coarse woody 
debris 
Background 
CO2 (ppm) 1,400 ± 290 3,100 ± 810 3,300 ± 1,100 3,700 ± 2,000  400 
TSP (mg m-3) 17 ± 12 15 ± 5 32 ± 10 30 ± 12 0.047 
Levoglucosan (µg m-3) 150 ± 110 80 ± 48 200 ± 62 200 ± 130 4.3 
∑ PAHs (ng m-3) 3,700 ± 970 2,900 ± 1,300 3,500 ± 690 3,700 ± 150 2.4 
∑ PCBs (ng m-3) 0.71 ± 0.60 0.33 ± 0.08 0.32 ± 0.12 0.28 ± 0.06 0.0044 
∑ PCNs (ng m-3) 0.011 ± 0.006 0.020 ± 0.009 0.0081 ± 0.0033 0.0043 ± 0.0004 0.000025 
∑ PBDEs (ng m-3) 1.3 ± 1.3 0.33 ± 0.12 0.23 ± 0.09 0.32 ± 0.13 0.0042 
Chlorpyrifos (ng m-3) 2.0 ± 2.6 1.7 ± 1.8 4.8 ± 3.5 ND 0.14 
α-ndosulfan (ng m-3) 0.61 ± 0.05 0.35 ± 0.05 0.52 ± 0.24 0.21 ± 0.16 0.015 
HCB (ng m-3) 0.065 ± 0.047 0.045 ± 0.001 0.074 ± 0.008 0.091 ± 0.033 0.0020 
γ-HCH (ng m-3) 0.084 ± 0.046 0.039 ± 0.013 0.047 ± 0.045 0.035 ± 0.013 0.0013 
p,p’-DDE (ng m-3) 0.015 ± 0.012 0.0071 ± 0.0004 0.0043 ± 0.0015 0.0032 ± 0.0015 0.0054 
∑ dl-PCBs TEQ (fg m-3) 3.2 ± 2.9 0.69 ± 0.29 0.48 ± 0.19 0.35 ± 0.03 0.023 
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S5. Full datasets for emissions factors 
Table S5. Emission factors of individual SVOCs that were detected in over half of the samples and had concentrations considerably higher than 
background levels (gaseous + particle-associated, µg kg-1 fuel burnt) from burning of different fuels 
 Spinifex Tussock grasses Eucalypt leaf litter Eucalypt coarse woody debris 
 Short flaming 
Long 
flaming 
Long flaming + 
smoldering 
Short 
flaming 
Long flaming + 
smoldering 
Full-
course Flaming Smoldering 
Flaming + 
smoldering Flaming Smoldering 
PAHs 
Phe 1,300 1,200 1,200 200 200 870 320 1,000 320 230 1,100 
Ant 540 470 600 81 93 410 120 470 140 76 440 
Flu 670 570 630 100 110 420 150 270 87 140 350 
Pyr 630 550 580 90 100 360 140 270 78 110 310 
BaA 220 180 250 27 49 200 40 130 42 32 130 
Chr 130 130 170 17 39 140 41 170 46 25 130 
BbF 78 100 64 9.0 12 60 17 37 14 15 39 
BkF 23 28 15 2.7 3.7 14 4.3 8.7 3.9 5.7 10 
BeP 55 58 43 6.0 8.3 52 11 32 8.4 8.8 32 
BaP 86 98 75 9.0 9.2 67 15 40 13 14 37 
I123cdP 56 67 40 5.9 5.4 37 9.5 14 7.4 13 20 
DahA 7.2 10 9.3 0.89 1.3 9.4 2.0 10 2.8 2.0 7.5 
BghiP 65 65 38 5.9 6.1 34 10 22 11 12 30 
PCBs 
PCB28 0.12 0.35 0.16 0.043 0.071 0.068 0.055 0.10 0.025 0.030 0.085 
PCB52 0.084 0.21 0.083 0.023 0.034 0.037 0.029 0.071 0.016 0.020 0.049 
PCB101 0.046 0.17 0.042 0.0072 0.012 0.0090 0.0083 0.018 0.0035 0.0039 0.012 
PCB138 0.018 0.081 0.027 0.0029 0.0061 0.0027 0.0027 0.0053 0.0013 0.0012 0.0037 
PCB153 0.018 0.075 0.024 0.0027 0.0046 0.0023 0.0021 0.0057 0.0013 0.0012 0.0033 
PCB180 0.0046 0.026 0.0063 0.0010 0.0019 0.00082 0.00075 0.0017 0.00025 0.00044 0.0011 
PCB77 0.0017 0.0056 0.0019 0.00016 0.00036 0.00033 0.00025 0.00038 0.00014 0.00010 0.00029 
PCB105 0.0071 0.033 0.011 0.0012 0.0025 0.0011 0.00099 0.0019 0.00028 0.00044 0.0016 
PCB114 0.00061 0.0030 0.00083 0.00012 0.00024 0.00013 NA NA NA 0.000023 NA 
PCB118 0.024 0.10 0.034 0.0039 0.0064 0.0030 0.003031 0.0058 0.0014 0.0012 0.0046 
PCB156 0.0010 0.0049 0.0016 0.00015 0.00048 0.00011 0.00016 0.000186 0.000091 0.000065 0.000229 
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PCB157 0.00016 0.00089 0.00028 0.000022 0.000097 0.000034 0.000071 0.000040 NA 0.000023 0.000047 
PCB167 0.00026 0.0022 0.00048 0.000037 0.00014 NA 0.000037 0.000080 NA NA NA 
PCNs 
PCN13 0.00023 0.00051 0.00037 0.00035 NA 0.00019 0.000098 NA NA NA 0.00040 
PCN27 0.0055 0.0044 0.0052 0.0020 0.0012 0.0056 0.00098 0.0070 0.0011 0.00031 0.0018 
PCN 28+36 0.0050 0.0039 0.00032 0.0024 0.0010 0.0051 0.000082 NA NA 0.00035 0.000331 
PBDEs 
PBDE28 0.015 0.018 0.0086 0.0022 NA 0.0012 0.00077 0.0018 NA 0.0018 0.0025 
PBDE47 0.31 1.2 0.25 0.044 0.074 0.048 0.026 0.086 0.017 0.043 0.071 
PBDE99 0.20 0.66 0.12 0.035 0.061 0.036 0.024 0.083 0.012 0.028 0.052 
PBDE100 0.046 0.19 0.031 0.0089 0.016 0.0086 0.0059 0.017 0.0031 0.0063 0.011 
PBDE154 0.0070 0.018 0.0041 0.0014 0.0029 NA NA 0.0025 NA 0.0014 NA 
Pesticides 
HCB 0.045 0.089 0.029 0.011 0.015 0.023 0.013 0.049 0.024 0.022 0.042 
α-HCH 0.0037 0.0093 0.0089 0.0013 0.0016 0.00068 0.00044 0.0017 NA 0.00032 0.00081 
γ-HCH 0.040 0.10 0.093 0.014 0.013 0.012 0.024 0.015 0.0015 0.0084 0.016 
p,p’-DDE 0.0067 0.021 0.0056 0.0016 0.0019 0.0038 0.00115 0.0021 0.00050 0.00068 0.00059 
o,p’-DDE 0.0013 0.0030 0.00096 0.00040 0.0012 NA NA NA NA 0.00015 NA 
Dieldrin 0.077 0.67 0.11 0.012 0.034 NA 0.011 0.044 NA NA NA 
α-endosulfan 0.67 0.46 0.73 0.10 0.091 0.19 0.067 0.52 0.12 0.064 0.023 
Dacthal 0.0040 0.010 0.0044 0.00054 0.0017 0.00075 0.00078 0.00072 0.00034 0.00037 NA 
Chlorpyrifos NA 3.9 0.21 1.1 NA 0.34 NA 5.1 1.8 NA NA 
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Table S6. Comparisons of EF data for PAHs (mean ± SD for gaseous + particle-associated phases, µg kg-1 fuel burnt) derived from this study 
and other published data 
Open burning and actual fires 
Fuel type 
Spinifex, tussock grasses 
and eucalypts 
(n = 11) (this study) 
Eucalypt and grass 
(n = 2) (Wang et 
al., 2016) 
Open eucalypt 
(n = 2) (Wang et al., 
2016) 
Pine 
(n = 1) (Aurell et 
al., 2015) 
Fir 
(n = 11) (Aurell et al., 2017) 
Conifers, Pine, Juniper, 
Oak and deciduous trees 
(n = 8) (Medeiros and 
Simoneit, 2008)$ 
Fuel source Tropical Australia Tropical Australia Subtropical Australia Temperate USA Temperate USA Temperate and semi-arid regions USA 
Combustion method Open burning Actual fire Actual fire Actual fire Open burning Open burning 
Phe 720 ± 440 52 ± 4 3,500 ± 83 3,400 7,900 ± 7,100 6,500 ± 1100 
Ant 300 ± 200 18 ± 1 980 ± 23 630 1,700 ± 1,600 1,300 ± 540 
Flu 320 ± 210 260 ± 18 750 ± 18 730 2,700 ± 2,600 6,500 ± 1,400 
Pyr 290 ± 200 260 ± 18 700 ± 17 620 2,500 ± 2,400 6,600 ± 1,700 
BaA 120 ± 80 150 ± 10 240 ± 6 100 830 ± 830 2,600 ± 650 
Chr 94 ± 57 190 ± 13 320 ± 8 200 1,000 ± 950 3,700 ± 960 
BbF 40 ± 30 180 ± 13 88 ± 2 81 490 ± 510 4,100 ± 1,000 (BbF+BkF) 
BkF 11 ± 8 62 ± 4 48 ± 1 52 640 ± 680  
BeP 29 ± 20 94 ± 7 100 ± 3 NA  1,400 ± 400 
BaP 42 ± 32 96 ± 7 100 ± 2 71 630 ± 670 2,000 ± 730 
I123cdP 25 ± 20 100 ± 7 98 ± 2 52 310 ± 330 990 ± 840 
DahA 5.7 ± 3.7 24 ± 2 21 ± 1 4.8 75 ± 77 NA 
BghiP 27 ± 21 98 ± 7 94 ± 2 33 370 ± 400 1,100 ± 860 
∑ PAHs 2,000 ± 1,300 1,600 ± 110 7,000 ± 170 6,100 19,000 ± 18,000 41,000 ± 7,200 
Simulated burning and fires 
Fuel type 
Pine needles 
(n = 6) (McMahon and 
Tsoukalas, 1978)$ 
Fir and pine 
(n = 4) (Jenkins et 
al., 1996) 
Land-clearing debris 
(n = 6) (Lemieux et al., 
2004; Lutes and 
Kariher, 1996)* 
Beech 
(n = 3) (Lee et al., 
2005)$ 
Pine needles and cones 
(n = 4) (Moltó et al., 2010)* 
Miscellaneous 
(n = 77) (Hosseini et al., 
2013)$ 
Fuel source Temperate USA Temperate USA Temperate USA Temperate UK Temperate Spain Temperate USA 
Combustion method Combustion room Wind tunnel Burning simulation facility 
Fire testing 
chimney Horizontal tubular reactor 
Air-conditioned 
chamber 
Phe 5,000 ± 3,800 (Phe+Ant) 3,300 ± 670 NA 6,800 ± 1,300 230,000 ± 140,000 360,000 ± 210,000 
Ant  580 ± 150 NA 1,700 ± 360 53,000 ± 31,000 84,000 ± 51,000 
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Flu 3,400 ± 5,000 1,600 ± 210 1,200 ± 1,000 3,500 ± 600 77,000 ± 44,000 370,000 ± 240,000 
Pyr 4,600 ± 7,100 1,300 ± 200 1,800 ± 130 3,200 ± 550 69,000 ± 46,000 580,000 ± 270,000 
BaA 6,300 ± 10,000 (BaA+Chr) 180 ± 68 440 ± 60 800 ± 190 40,000 ± 34,000 500,000 ± 310,000 
Chr  160 ± 59 570 ± 100 700 ± 160 18,000 ± 11,000 430,000 ± 250,000 
BbF 2,600 ± 4,600 (BbF+BkF) 47 ± 10 650 ± 20 300 ± 80 3,500 ± 6,000 (BbF+BkF) 220,000 ± 130,000 
BkF  88 ± 49 690 ± 20 200 ± 60  770,000 ± 560,000 
BeP 1,300 ± 2,100 39 ± 15 NA 400 ± 90 NA NA 
BaP 740 ± 1,200 27 ± 8 290 ± 50 600 ± 140 4,100 ± 4,100 200,000 ± 44,000 
I123cdP 1,700 ± 1,800 NA 260 ± 80 400 ± 100 4,900 ± 8,000 120,000 ± 96,000 
DahA NA NA 15 ± 15 100 ± 20 NA 37,000 ± 26,000 
BghiP 2,500 ± 2,600 1.0 ± 1.0 480 ± 100 300 ± 80 2,700 ± 4,300 190,000 ± 160,000 
∑ PAHs 28,000 ± 40,000 7,300 ± 1,500 6,400 ± 760 6,800 ± 1,300 500,000 ± 280,000 3,900,000 ± 2,300,000 
$ Particle-associated phase only; * Gaseous phase only. 
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Table S7. Comparisons of EFs for PCBs (mean ± SD for gaseous + particle-associated phases, µg kg-1 fuel burnt) including ∑ dl-PCBs TEQ 
(mean ± SD, pg kg-1 fuel burnt) derived from this study and other published data 
Fuel type 
Spinifex, tussock 
grasses and 
eucalypts 
(n = 11) (this 
study) 
Savannah 
woodland 
(n = 4) (Meyer et 
al., 2004) 
Eucalypt 
woodland 
(n = 4) (Meyer et 
al., 2004) 
Open eucalypt 
(n = 2) (Wang et 
al., 2016) 
Sclerophyll 
eucalypt 
(n = 11) (Meyer et 
al., 2004) 
Boreal forest 
(n = 1) (Eckhardt 
et al., 2007) 
Pine needles 
and cones 
(n = 4) (Moltó 
et al., 2010)* 
Beech 
(n = 3) (Lee et 
al., 2005) 
Fuel source Tropical Australia Tropical Australia Subtropical Australia 
Subtropical 
Australia 
Temperate 
Australia 
Temperate/Polar 
USA Temperate Spain Temperate UK 
Combustion 
method Open burning Open burning Open burning Actual fire Open burning 
At receptor sites 
(4000 km away) 
Horizontal 
tubular reactor 
Fire testing 
chimney 
PCB 28 0.10 ± 0.09 NA NA NA NA 28 NA 0.061 ±0.032 
PCB 52 0.060 ± 0.054 NA NA 0.34 ± 0.01 NA 9.7 NA 0.019 ± 0.013 
PCB 101 0.030 ± 0.045 NA NA 0.62 ± 0.02 NA 3.3 NA 0.014 ± 0.006 
PCB 138 0.014 ± 0.023 NA NA 0.45 ± 0.01 NA 0.67 NA NA 
PCB 153 0.013 ± 0.021 NA NA 0.36 ± 0.01 NA 0.88 NA 0.018 ± 0.006 
PCB 180 0.0041 ± 0.0072 NA NA 0.088 ± 0.002 NA 0.16 NA NA 
PCB 77 0.0010 ± 0.0016 0.0051 ± 0.0032 0.0073 ± 0.0045 0.024 ± 0.001 0.0072 ± 0.0061 NA 0.27 ± 0.19 0.0027 ± 0.0008 
PCB 81 NA 0.00041 ± 0.00055 0.00041 ± 0.00027 NA 0.00041 ± 0.00043 NA 0.026 ± 0.017 NA 
PCB 126 NA 0.00071 ± 0.00095 0.00089 ± 0.00059 NA 0.00038 ± 0.00027 NA 0.064 ± 0.049 0.00020 
PCB 169 NA 0.00030 ± 0.00049 0.000025 ± 0.000043 NA 
0.000036 ± 
0.000037 NA 0.039 ± 0.034 0.00010 
PCB 105 0.0056 ± 0.0092 0.035 ± 0.015 0.032 ± 0.021 0.18 0.089 ± 0.054 NA 0.022 ± 0.022 0.0053 ± 0.0022 
PCB 114 0.00045 ± 0.00086 0.0024 ± 0.0004 0.00050 ± 0.00087 0.014 0.0045 ± 0.0036 NA 0.018 ± 0.022 0.00030 ± 0.00010 
PCB 118 0.017 ± 0.029 0.079 ± 0.021 0.077 ± 0.052 0.44 ± 0.01 0.19 ± 0.10 0.88 0.30 ± 0.31 0.0085 ± 0.0029 
PCB 123 NA 0.0028 ± 0.0010 0.0020 ± 0.0018 NA 0.0038 ± 0.0023 NA 0.013 ± 0.010 0.0012 ± 0.0003 
PCB 156 0.00082 ± 0.00140 0.0083 ± 0.0026 0.0085 ± 0.0064 0.050 ± 0.001 0.016 ± 0.013 NA 0.084 ± 0.095 0.00090 ± 0.00030 
PCB 157 0.00015 ± 0.00025 0.0014 ± 0.0008 0.0022 ± 0.0014 0.010 0.0029 ± 0.0024 NA 0.14 ± 0.20 0.00020 ± 0.00010 
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PCB 167 0.00029 ± 0.00061 0.0051 ± 0.0072 0.0029 ± 0.0031 0.024 ± 0.001 0.0092 ± 0.0080 NA 0.022 ± 0.022 0.00040 ± 0.00020 
PCB 189 NA 0.0020 ± 0.0030 0.00050 ± 0.00035 0.0035 ± 0.0001 0.00041 ± 0.00037 NA 0.038 ± 0.043 NA 
∑ non-dl-PCBs 0.22 ± 0.24 NA NA 1.7 NA 43 NA 0.11 
∑ dl-PCBs 0.026 ± 0.043 0.14 ± 0.04 0.13 ± 0.09 0.74 ± 0.02 0.32 ± 0.18 NA 1.0 ± 0.9 0.020 
∑ dl-PCBs TEQ 0.84 ± 1.40 90 ± 110 89 ± 63 24 ± 1 74 ± 44 NA 7,600 ± 5,900 20 ± 3 
* Gaseous phase only. 
 
Table S8. Comparisons of EF data for PCNs, PBDEs and pesticides (mean ± SD, µg kg-1 fuel burnt) derived from this study and other published 
data 
PCNs PBDEs Pesticides 
Fuel type 
Spinifex, tussock 
grasses and eucalypts 
(n = 11) (this study) 
Open eucalypt 
(n = 2) (Wang et 
al., 2016) 
Fuel type 
Spinifex, tussock 
grasses and eucalypts 
(n = 11) (this study) 
Open eucalypt 
(n = 2) (Wang et 
al., 2016) 
Fuel type 
Spinifex, tussock 
grasses and eucalypts 
(n = 11) (this study) 
Open eucalypt (n 
= 2) (Wang et al., 
2016) 
Fuel source Tropical Australia Subtropical Australia Fuel source Tropical Australia 
Subtropical 
Australia Fuel source Tropical Australia 
Subtropical 
Australia 
Combustion 
method Open burning Actual fire 
Combustion 
method Open burning Actual fire 
Combustion 
method Open burning Actual fire 
PCN 13 0.00019 ± 0.00018 0.088 ± 0.002 PBDE 28 0.0047 ± 0.0061 0.0024 ± 0.0001 Endosulfans 0.28 ± 0.25 0.38 ± 0.01 
PCN 27 0.0032 ± 0.0023 NA PBDE 47 0.20 ± 0.34 0.096 ± 0.002 Chlorpyrifos 1.1 ± 1.7 NA 
PCN 28+36 0.0017 ± 0.0020 NA PBDE 99 0.12 ± 0.18 0.038 ± 0.001 HCB 0.033 ± 0.022 0.62 ± 0.02 
PCN 46 NA NA PBDE 100 0.031 ± 0.052 0.014 γ-HCH 0.030 ± 0.032 0.0082 ± 0.0002 
PCN 48 NA NA PBDE 153 NA NA DDTs 0.014 ± 0.037 0.80 ± 0.02 
PCN 50 NA 0.013 PBDE 154 0.0034 ± 0.0051 NA Dieldrin 0.078 ± 0.192 12 
PCN 52 NA NA PBDE 183 NA NA    
PCN 53 NA NA ∑ PBDEs 0.36 ± 0.58 0.15    
PCN 66 NA NA       
PCN 69 NA NA       
PCN 72 NA NA       
PCN 73 NA NA       
PCN 75 NA NA       
∑ PCNs 0.0062 ± 0.0044 0.061 ± 0.001       
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S6. Full datasets for annual emissions 
Table S9. Estimated annual emissions of individual SVOCs (gaseous + particle-associated) 
from Australian bushfires/wildfires 
PAHs (Mg) 
 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
Phe 56 360 240 200 ± 120 160 (92 – 170) 
Ant 21 170 120 88 ± 56 66 (38 – 120) 
Flu 24 190 76 89 ± 60 69 (41 – 120) 
Pyr 22 180 77 82 ± 57 62 ( 36 – 110) 
BaA 7.5 69 36 33 ± 22 25 (14 – 44) 
Chr 4.9 49 35 26 ± 16 20 (12 – 35) 
BbF 2.5 29 10 11 ± 8 8.3 (4.7 – 15) 
BkF 0.77 7.8 2.4 3.0 ± 2.2 2.3 (1.4 – 3.9) 
BeP 1.7 16 9.0 8.0 ± 5.6 5.8 (3.2 – 11) 
BaP 2.5 27 10 12 ± 9 8.3 (4.4 – 15) 
I123cdP 1.5 19 3.9 7.0 ± 5.7 4.9 (2.6 – 8.9) 
DahA 0.25 2.8 2.0 1.6 ± 1.0 1.2 (0.63 – 2.2) 
BghiP 1.7 18 6.3 7.7 ± 5.9 5.6 (3.1 – 10) 
PCBs (kg) 
 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
PCB28 7.0 99 20 28 ± 25 21 (13 – 35) 
PCB52 4.5 60 10 17 ± 15 12 (7.4 – 21) 
PCB101 0.99 47 3.3 8.4 ± 12.7 4.1 (1.9 – 8.8) 
PCB138 0.32 23 1.0 3.9 ± 6.3 1.6 (0.64 – 3.8) 
PCB153 0.32 21 0.94 3.6 ± 5.9 1.4 (0.59 – 3.5) 
PCB180 0.069 7.3 0.31 1.1 ± 2.0 0.45 (0.19 – 1.1) 
PCB77 0.029 1.6 0.091 0.28 ± 0.44 0.12 (0.054 – 0.29) 
PCB105 0.079 9.2 0.43 1.6 ± 2.6 0.58 (0.23 – 1.5) 
PCB114 NA 0.85 0.033 0.13 ± 0.24 NA 
PCB118 0.35 29 1.3 4.9 ± 8.1 1.8 (0.73 – 4.6) 
PCB156 0.018 1.4 0.052 0.23 ± 0.38 0.087 (0.035 – 0.22) 
PCB157 NA 0.25 0.013 0.042 ± 0.069 NA 
PCB167 NA 0.61 0.010 0.081 ± 0.171 NA 
PCNs (kg) 
 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
PCN13 NA 0.14 0.054 0.054 ± 0.051 NA 
PCN27 0.087 2.0 0.56 0.89 ± 0.63 0.63 (0.32 – 1.2) 
PCN 28+36 NA 1.4 0.097 0.47 ± 0.55 NA 
PBDEs (kg) 
 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
PBDE28 NA 5.1 0.51 1.3 ± 1.7 NA 
PBDE47 4.6 340 20 56 ± 94 24 (10 – 55) 
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PBDE99 3.4 190 15 34 ± 50 17 (8.1 – 36) 
PBDE100 0.86 54 3.2 8.8 ± 14.6 4.1 (1.9 – 8.9) 
PBDE154 NA 5.1 0.39 0.95 ± 1.43 NA 
Pesticides (kg) 
 Min Max Median Arithmetic mean ± SD Geometric mean (95% CI) 
HCB 3.2 25 6.6 9.2 ± 6.4 7.7 (5.0 – 12) 
α-HCH NA 2.6 0.37 0.73 ± 0.90 NA 
γ-HCH 0.42 28 4.1 8.5 ± 9.1 5.0 (2.3 – 11) 
p,p’-DDE 0.14 6.0 0.53 1.2 ± 1.6 0.60 (0.28 – 1.3) 
o,p’-DDE NA 0.84 0.041 0.17 ± 0.26 NA 
Dieldrin NA 190 3.4 22 ± 54 NA 
α-endosulfan 6.5 200 33 77 ± 71 46 (22 – 99) 
Dacthal NA 2.9 0.21 0.60 ± 0.83 NA 
Chlorpyrifos NA 1,400 58 310 ± 510 NA 
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Introduction 
PAHs and PCBs are persistent organic pollutants (POPs) and priority pollutants and subject 
to international treaties to control their emission (i.e. the 1998 Protocol on POPs, the 
Stockholm Convention). As for many semivolatile organic chemicals, the atmosphere is an 
important route for human exposure either directly (e.g. PAHs) or via introducing them into 
the food chain (e.g. PCBs). One of the key tools for measuring the success in elimination of 
priority pollutants like PCBs and PAHs is through routine atmospheric monitoring programs 
such as The Integrated Atmospheric Deposition Network (IADN) in the Laurentian Great 
Lakes Region and The Toxic Organic Micropollutants Program (TOMPs) in the UK. 
However, with the exception of the Global Atmospheric Passive Sampling (GAPS) program 
(established in the last decade), to our knowledge, neither in Australia nor anywhere else in 
the Southern Hemisphere has long-term atmospheric monitoring programs for POPs been 
carried out. The GAPS program established some background monitoring sites in Australia 
and some other countries in the Southern Hemisphere in 2004 (Pozo et al., 2008). However, 
the use of passive samplers may limit the interpretation to chemicals that occur primarily in 
the gas phase. For PAHs, on the other hand, the main focus often is on higher molecular 
weight compounds that are more potent in terms of genotoxicity, such as benzo[a]pyrene. 
One of the first studies on PAHs and PCBs in air in Australia commenced in the early 1990s 
on a sampling platform of Griffith University, a site which is essentially unchanged over the 
last twenty years and located about 8 km from the Brisbane City Centre in a forest reservoir 
(Mueller, 1997).  The few subsequent studies carried out on atmospheric PAHs and PCBs in 
and around Brisbane since 1990s have been more or less random with regard to space and 
time. This has limited any efforts in assessing whether PAH and PCB concentrations in the 
Brisbane atmosphere have changed. 
The objective of this study is to revisit the 1994/95 study and repeat sampling and analysis 
with the aim to evaluate changes in PAH and PCB concentrations and compound profile in 
the Brisbane atmosphere between 1994/95 and 2012/13. The results will serve as a basis for 
further detailed studies to assess the contribution of sources to the concentrations of these 
priority pollutants. To our knowledge, this is the first study reporting the temporal trend of 
atmospheric PAHs and PCBs over almost two decades in Australia. 
Materials and methods 
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For the purpose of this study we aimed to reproduce the sampling protocol that had been used 
to collect the samples in 1994/95. As mentioned above, the sampling was carried out at a 
sampling platform on a roof of a building in Griffith University at Nathan, Brisbane 
(27°33‘12” S, 153°3‘15” E). The filter-adsorbent type samplers were used with a sampling 
rate of approximate 4 m3/h (low_volume sampler) and 10 m3/h (medium_volume sampler). 
The sampling volume was calculated via recording the read of the gas meter before and after 
each sampling period. The ‘particle associated fraction’ of the samples were collected on 
glass fiber filters (GFFs) and XAD-2 cartridges were used to collect the ‘gas phase’ PAHs 
and PCBs. For the current work, three samples were collected from Nov 9th 2012 to Jan 11th 
2013, Jan 17th 2013 to Jan 23rd 2013 and Jan 23rd 2013 to Jan 25th 2013, respectively. For 
comparison, data from Dec 15th 1994 to Jan 13th 1995 (for PAHs) and from Mar 3rd 1995 to 
Mar 10th 1995 (for PCBs) were selected. The temperature of each sampling duration was 
similar (25 ℃ in 94/95 during the sampling period for PAHs, 26 ℃ in 1995 during the 
sampling period for PCBs and 25℃ in 12/13 during the sampling period for PAHs and PCBs) 
as well as the daily average rainfall (2 mm in 94/95 during the sampling period for PAHs, 2 
mm in 1995 during the sampling period for PCBs and 3 mm in 12/13 during the sampling 
period for PAHs and PCBs) (Bureau of Meteorology and Willy Weather, accessed May 
2013). 
For the 2012/13 samples, the XAD cartridges and GFFs were extracted separately using an 
Accelerated Solvent Extractor (Dionex ASE 350) after being spiked with a solution 
containing 8 deuterated PAHs and 6 13C12-PCB congeners at different levels as the internal 
standards. Extracts from both XAD and GFFs were concentrated to 1 mL in hexane. A 
quarter of the extract was cleaned up by neutral alumina and neutral silica for PAHs and the 
remaining three quarters were cleaned up by neutral alumina and acid silica for PCBs. PAHs 
were eluted with 20 mL of the mixture of hexane: DCM 1:1 (v/v) and PCBs were eluted with 
15 mL of hexane. The eluant was carefully blown down to almost dryness and recovery 
standard (50 ng of deuterated benzo[e]pyrene for PAHs and 200 pg of 13C12-PCB 141 for 
PCBs) added before analysis by a Shimadzu GC-2010 gas chromatography coupled with QP-
2010 mass spectrometer under EI-SIM mode. 
A DB-5MS column (J&W Scientific) was used to separate the compounds (1 uL sample 
injection). The initial oven temperature was 80 ℃ held for 2 min, then raised to 180 ℃ at 
20 ℃ min-1, held for 0.5 min, and finally ramped to 290 ℃ at 10 ℃ min-1 for 8 min. The 
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injector, interface and EI source temperatures were 250 ℃, 280 ℃ and 250 ℃, respectively. 
Those peaks with a signal/noise ratio ≥ 3 were recognized and a total of 13 PAHs viz. 
phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (pyr), benzo[a]anthrancene 
(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), 
benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), indeno[1,2,3-c,d]pyrene (IcdP), 
dibenzo[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP) and 6 PCB congeners viz. 
PCB 28, 52, 101, 153, 138 and 180 were quantified. The recovery of the internal standards 
ranged from 57% to 110%. 
Results and discussion 
 PAHs. Figure 1 shows a comparison of concentrations of 13 PAHs (gas + particle-associated 
phases) between samples collected in Summer of 94/95 (Mueller, 1997) and Summer of 
12/13 (this campaign). Depending on the specific PAH compound, concentrations decreased 
by 36% to 93% over this period.  For BaP, which is classified as an IARC group 1 
compound5, the level declined by 65% from 0.13 ng/m3 to 0.05 ng/m3. The concentration of 
∑13 PAHs decreased by 85% over the last 18 years, whereas the contributions of different 
compounds to the summed PAH level remained relatively similar (Figure 2) where 
compounds with 3 rings dominated the profile of atmospheric PAHs. 
We assume that the results are directly comparable (i.e. sampling and analysis did not 
contribute to the difference between 94/95 and 12/13). Hence the decrease reflects a 
combination of a) a decrease of PAHs from primary sources that may result from reduced 
emissions from combustion sources such as vehicles, including for example due to the 
introdution of the hybrid transmission systems in Brisbane in 1991 (Transport Energy 
Systems, Pty Ltd. Web site, accessed May 2013) and/or the Environmental Protection Act in 
1994 which enforced the compliance to the particle release factor standard of the equipment 
for residential fuel-burning (Environmental Protection Act 1994) and/or b) a decrease in the 
release of PAH from ‘reservoirs’ such as soils that may act as the secondary sources. 
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Fig. 1&2 Comparison of atmospheric concentrations of  individual PAHs in Brisbane 
between 94/95 and 12/13; and comparison of atmospheric concentration of and contributions 
of different compounds to ∑13 PAHs in Brisbane between 94/95 and 12/13 
PCBs. None of the PCBs of interest were detected associated with particles either in the 
current campaign or in the study in 1995 so only the PCBs in the gas phase are presented. A 
comparison of concentrations of 6 PCB congeners between samples collected in 1995 
(Mueller, 1997) and 12/13 is shown in Figure 3. Concentrations of each of the PCB 
congeners of interest were between 54% and 99% lower, except for PCB 52, which, 
interestingly, increased by 140% compared to 1995. Figure 4 shows the concentration of and 
the contributions of different compounds to ∑6 indicator PCBs in 1995 and 12/13 
respectively. On this basis, the concentration decreased by 22% compared with 1995 and the 
contributions of different compounds changed from tri-chlorinated congeners dominance to 
one where tetra-chlorinated congeners dominated due to the increase of PCB 52. 
Again we assume that the results were directly comparable. Given this, the result may 
indicate that a) more PCB 28 was degraded during the long-range transport (LRT) since the 
rate constant for reaction of OH radicals with tri-chlorinated PCB congeners is 1.27 times 
that for tetra-chlorinated PCB congeners in gas phase (Anderson and Hites, 1996) and/or b) 
PCBs emitted from a ‘reservior’ (e.g. soil) comprised more PCB 52 than 28 to the air since 
the half-life of PCB 52 in soil is about twice as long as PCB 28 (Harner et al., 1995). Overall, 
the results in this study indicate that the concentration of PCBs in the gas phase in Brisbane is 
currently dominated by historical PCB sources rather than the contemporary ones. 
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Fig. 3&4 Comparison of atmospheric concentrations of 6 indicator PCB congeners (left) and 
contributions from different compounds (right) in Brisbane between 1995 and 12/13 
Although more samples are needed (especially the samples from a winter campaign) to 
further support the trend and to increase our confidence in their interpretation, the results 
show that atmospheric PAHs and PCBs in Brisbane over the last two decades have 
substantially been reduced, proving the success in reduction of priority pollutants like PAHs 
and indicating that historical PCB sources dominate the current concentration of PCBs in 
Brisbane air. 
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